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Abstract 
Sub-micro silica flakes and graphite reinforced polymer composites have been 
developed in this research. The sub-micro polymer composites are designed to 
overcome problems associated with nanocomposite technology. Apart from the high 
cost of production, the other major problem in nanocomposites is reduced efficiency in 
mechanical reinforcement at high filler loadings. The surface area of nano-fillers in high 
filler loaded composites is too high resulting in insufficient polymer molecules to wet 
the filler surface and hence increased filler agglomeration occurs. Increasing filler 
dimension into the sub-micro range can avoid such difficulties. The dimension of fillers 
in the sub-micro range also has the advantage of utilising modern polymer processing 
technologies.  
 
In this thesis, sub-micro composite reinforcement has been studied through the 
identification of suitable fillers, modelling of sub-micro composites and experimental 
validation of model predictions. The processing methodology, effects of filler loading, 
aspect ratio and compatibility of filler with matrix are also investigated. In addition, 
rheology, crystallisation, fracture toughness and the thermodynamic behaviour of sub-
micro filler reinforced polymer composites are studied. The investigation was primarily 
focused on various combinations of single-layered silica flakes and multi-layered 
graphite sheets reinforced nylon-6 and polypropylene. The predicted Young’s modulus 
and strengths of developed composites are as high as 3.3 GPa and 81 MPa at 5wt% 
silica flake content as well as 11.75 GPa and 301MPa at 30wt% flake fraction, 
respectively. Experimental results show that tensile modulus and strengths of the sub-
micro composites produced agree well with modelling data at low filler loading. They 
are, however, much lower than the predictions in the high filler loading range due to the 
Abstract 
 
 
Yalan Li  page ii 
breakage of silica flakes during composite processing. In spite of filler breakage, the 
tensile modulus and strength of 5wt% silica flake reinforced N6 improved 68% and 
67% respectively, compared to the N6. The tensile strength is also 38% higher than that 
of 5wt% clay/N6 nanocomposites. The tensile modulus of 30wt% silica flake reinforced 
N6 improved over 240% which is similar to the achievement of 30wt% glass fibre/N6 
composites. In addition, the fracture toughness and thermal deflection temperature of a 
silica flake/N6 composite improved by 17% at 5wt% and 20.3 °C at 10wt% filler 
content respectively. 
 
For multi-layered graphite sheet reinforced polypropylene sub-micro composites, 
mechanical properties are a function of both filler thickness and filler loading. Over 
112% improvement in Young’s modulus has been achieved with a composite produced 
via a multi-extrusion method at 20wt% filler loading, compared with the pure polymer. 
The crystallinities of all sub-micro composites produced are either similar to or lower 
than those of pure polymers. This implies that the major contribution to the 
improvement of mechanical properties is from sub-micro fillers. In addition, the 
crystallisation rate and crystallisation temperature of sub-micro composites are 
increased when compared with base polymers due to the nucleation effect of fillers. The 
introduction of sub-micro fillers into nylon-6 and polypropylene did not result in 
significant change in rheology. This may be associated with flake breakage and 
relatively poor interfacial bonding at the filler/polymer interface. 
 
In summary, this work demonstrates the potential of sub-micro filler enhanced 
composites in improving major engineering properties. It also proves that the sub-micro 
approach can fill the gap between nano and fibre reinforcement. 
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1 Introduction 
Sub-micro filler reinforced composites are designed to address the problems associated 
with nano polymer reinforcement. The research in this project explores the potential of 
sub-micro range reinforcement. This is achieved through the development of novel 
polymer composites reinforced with sub-micro materials. 
 
1.1 Background of this research 
In order to meet industrial requests for polymers with better properties, fibre reinforced 
polymer composites appeared during the 1940s. Due to significantly improved 
mechanical properties, they were soon used in many applications from the aircraft to 
vehicle industries [1]. At present, fibre composites are still an important branch in the 
advanced materials market. There are, however, two weaknesses with fibre 
reinforcement. One is low strain fracture caused by strain magnification due to 
differences in stiffness between fibre and matrix. The other is low reinforcement 
efficiency in the low filler loading range [2]. These problems are addressed by means of 
nanocomposite reinforcement. Once fillers are dispersed into a polymer at the 
nanometric level, they are strongly interlinked by polymer molecules. As a 
consequence, the effect of strain magnification is reduced meanwhile the inherent 
properties of the fillers can be fully utilised and hence the reinforcement efficiency at 
low filler loading is increased significantly. 
 
In reality, nanocomposite reinforcement has improvied a wide range of the physical and 
engineering properties of polymers, when compared with traditional fibre reinforced 
composites at a low filler loading range [2]. The market for fibre composites with a high 
fibre volume fraction, however, has not been challenged [2]. The mechanical properties 
1 Introduction 
 
 
Yalan Li  page 2 
of the best nanocomposite produced so far are much lower than those of conventional 
fibre reinforced composites with a high fibre volume fraction. The primarily reason for 
this is that reinforcement is a function of filler loading [4], [5] and further mechanical 
property improvement of nanocomposites should rely on high filler loadings. However, 
a high nano-filler fraction in nanocomposites results in an extremely high filler surface 
area. This leads to insufficient numbers of polymer molecules to wet the filler surface 
resulting in a decrease in the mechanical properties of the composites. It is therefore not 
possible to produce nanocomposites with high mechanical properties with high filler 
loading. 
 
In addition to filler loading, it is difficult to produce nanocomposites with thermoset 
polymers. The engineering properties of thermoset polymers strongly depend on the 
cross-linking extent of polymer. Current nanotechnology works in a size range which is 
very close to the molecular scale. Intercalation at such a scale would change the 
functionality of polymer precursors and hence result in changes in the extent of cross-
linking. This would be detrimental to the engineering properties of thermoset polymers. 
In reality, the application of nanocomposite technology to highly cross-linked thermoset 
polymer systems has proved to be difficult [2]. 
 
In order to overcome these problems, investigations into a new area of polymer 
enhancement is required, that is reinforcement in the sub-micro scale, which fills the 
gap between nano and micro reinforcement regimes. Sub-micro is defined as a 
dimensional range between 100nm and 5µm. This size range is larger than the 
dimensions currently investigated in nanotechnology but smaller than micro 
1 Introduction 
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dimensions. Thus, sub-micro composites may be capable of overcoming the difficulties 
faced in current nano and micro technology. 
 
1.2 Aims of this project 
The primary aim of this project was to develop a composite technology which produces 
polymer with enhanced properties by utilising single and multi-layered sub-micro 
fillers. In the study, modelling of sub-micro composites was conducted in order to 
predict the potential of sub-micro filler enhanced composites. Preliminary experimental 
studies, using both single layered silica flakes and multi-layered graphite, were also 
carried out towards developing the right solution to fill the gaps between nano and sub-
micro reinforcement technology. The experimentations include an investigation of the 
fillers suitable for sub-micro reinforcement, the development of processing technology 
and the study of the relationships between structure, properties and processing 
techniques. All the work is covered in this thesis. The thesis is divided into seven 
chapters. The literature review will follow this introduction and Chapter 3 describes the 
experimental methods used in this study. Chapter 4 predicts the potential of sub-micro 
reinforcement in Young’s modulus and strength. Chapter 5 presents the experimental 
results and the discussions. Chapter 6 provides overall conclusions and Chapter 7 
suggests areas for future work.  
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2 Literature survey 
Relevant fundamental knowledge and progress in composite science is reviewed in this 
chapter. This includes the advantages and disadvantages of polymers, the historic 
development of composites, property improvements of micro and nano composites as 
well as the advantages and limitations associated with composite reinforcement in 
different size ranges. Section 2.1 examines the advantages and disadvantages of 
polymers in their applications. In Section 2.2 the historic development of composites, 
detailed descriptions of selected common reinforcing materials as well as mechanical 
properties of fibre and nano composites are reviewed. Section 2.3 widens the review 
into the enhancement of other physical and engineering properties of composites such 
as fire retardancy, solvent/gas barrier and electrical conductive properties. Under the 
heading of advantages and limitations of polymer composite enhancement, Section 2.4 
discusses the benefits and problems of both micro and nano composite reinforcement. 
The current research in sub-micro and sub-micro composites is also reviewed. 
 
2.1 The advantages and disadvantages of polymers in domestic 
and engineering applications 
 
2.1.1 The development and importance of polymers 
Development and research into polymers began in the 1840s when the first semi-
synthetic polymer, cellulose nitrate, was produced [6]. The concept of macromolecule 
and long chain structure of polymer, however, was not developed until the work by 
Hermann Staudinger, Wallace Carothers and Herman Mark in 1935 [7]. Before that, 
polymers were thought of as aggregations of small molecules or micellar. After 
2 Literature survey 
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macromolecular theory was developed, knowledge of chemistry and manufacturing 
technology of polymers rapidly expanded. This led to an enormous growth in the 
synthetic polymer industry between the 1950s and the 1970s. The worldwide production 
of plastics increased sixteen-fold to approximate 9×106 tons in 1970. Natural rubber and 
fibres increased two-fold during the same 20-year period [8]. This tendency has 
continued since then and by 1995, the annual production of plastics had climbed to 
114×106 tons. In the subsequent five years, the amount reached to 154 ×106 tons [9]. 
 
The emergence of polymers, especially synthetic polymers, has made a great difference 
in industrial fields and to human lifestyles. For example, the discovery of celluloid 
stimulated the development of the film industry and brought about revolutionary 
changes in the toy industry [6]. Bakelite, polyolefin and epoxy resins were essential to 
the electronics industry as insulators [10]. Polyaniline, polypyrrole, polythiophenes 
were used as plastic batteries, capacitors, and conductive adhesives. The products made 
with these polymers possess higher voltage, higher capacity, longer life and better shape 
design compared with their traditional counterparts [11]. Butadiene-styrene copolymer 
and butadiene-acrylonitrile copolymer contributed to the development of the automotive 
industry [7]. Poly (methylmeth) acrylate, polystyrene, polycarbonate and fluorinated 
polymers have been applied as optical fibres which reduced the installation and 
maintenance costs of computer and telecommunications networks. As a result, total 
system costs drop leading to the use of such technologies domestically [12], [13]. 
Polysaccharides and silicones have been used extensively as biomedical materials in 
drug delivery control and orthopaedic surgery [14], [15]. Today polymers are an 
integral part of our lives. Without polymers, it would be impossible to maintain our 
current lifestyles. 
2 Literature survey 
 
 
Yalan Li  page 6 
2.1.2  Advantages and disadvantages of polymer 
Compared to steel and other metals, polymers are much lighter. This is beneficial as it 
reduces the weight of final products and the cost of transportation. Installation and 
maintenance expenditure are also kept to a minimum. For example, by replacing metal 
containers with ones made of polymers, transportation costs can be decreased 
dramatically due to the reduction in weight [16]. 
 
Most polymers have outstanding corrosion resistance. They are inert to most solvents 
and a wide range of chemicals. These properties make polymers suitable for application 
in harsh environments where metals are not a practical option. The excellent corrosion 
resistance in high humanity environment allows polymers to be used as instant dams 
and artificial seaweeds [17]. The electrical resistance of polymers makes them suitable 
insulators in both household and industrial electrical components. With the advantage of 
easy processing, they are ideal materials for the production of ergonomically and 
irregular designed shapes. 
 
Nevertheless, polymers are not as strong in yielding strength as metals. They are also 
sensitive to heat resulting in low service temperature and ease of burning. They degrade 
into smaller molecules when exposed to excessive heat. In addition, polymers are also 
known to possess poor barrier properties. 
 
While polymers have a number of advantages over metal, industry has a need for 
mechanically strong, electrical conductive, flame resistant and solvent/gas barring 
materials. Polymer properties have to be enhanced to give them the required properties. 
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2.2 The enhancement of polymer mechanical properties 
 
2.2.1 Historic development of polymer reinforcement 
Historically, there are two methods of making polymers stronger. The first is to make a 
polymer into fibres. The second method is the production of polymer composites. 
Polymer fibres are usually called organic fibres. Nylon 6, 6 was the first total man-made 
organic fibre synthesised by Wallace Carothers in 1935 [18]. 
 
Reinforcement using the fibre method results in the preferred orientation of molecular 
chains and a subsequent reduction in flaws and voids during processing. A polymer 
fibre thus becomes much stronger than its bulk form. High density polyethylene 
(HDPE) is a typical example. The tensile modulus and strength of monolithic HDPE are 
typically 0.4 GPa and 20-30 MPa respectively. In contract, the modulus and strength of 
high drawn HDPE fibres can reach 117 GPa and 2.5 GPa respectively [19]. 
 
However, fibres have limited applications. Although the mechanical properties of a 
polymer increase after being drawn and stretched into fibre, fibres are easily damaged 
during subsequent processes when their diameter becomes smaller. This occurs because 
the fibre form cannot completely remove all voids from its structure, especially on its 
surface. Surface voids often lead to cracks when an extra force is applied. In order to 
overcome this, polymer fibres are usually produced as bunches, mats and yarns. An 
alternative solution is to bind fibres with other materials to form a composite. 
Composites are an important development in advanced materials. The application of 
this concept and technology has overcome many disadvantages of polymers and has 
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extended their use into a wide range of applications where polymers alone could not 
previously be employed. 
 
The development and commercial application of polymer composites commenced in the 
20th century. In 1913, laminated paper reinforced phenol formaldehyde resins were 
produced and used as electrical insulators [6]. Two decade later, a high tensile strength 
composite of silk/flax phenolic resin was reported by De Bruyne [20]. Two years later 
in 1939, high strength plywood with weather resistance was produced by hot-
compressing phenolic resin pre-impregnated paper veneers. These products were used 
in the construction of Mosquito aircraft and motor torpedo boats, during World War II. 
After 1942, the research and market for reinforced polymers was gradually overtaken by 
carbon and glass fibre composites aimed at the aircraft and boat industry. These 
products include aircraft nose cones, airborne and ground radomes as well as structural 
parts of personal carrier boats [20]. Expansion into many other applications soon 
occurred. Today, polymer composites are widely utilised in buildings, bridges, tunnel 
construction, sporting equipment, vehicle and aircraft components [21]-[23].  
 
Due to high specific modulus and strength, fibre composites are much stiffer and 
stronger per unit weigth than metals. When achieving similar mechanical performance, 
the products of composites are much lighter than metals. This is especially an advantage 
of fibre composites where both mass and mechanical performance of components are of 
critical importance. For example, in aeronautical industry, the replacement of 
aluminium wings with polymer composites in Airbus A340-500/600 achieved a 20% 
weight reduction when compared to its predecessor the A340-200/300. Such weight 
reduction using polymeric components results in lower energy consumption [24]. 
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Additionally, in the recent ‘Green Automobile Industry’ campaign, high performance 
long-fibre composites were considered by car manufacturers as a viable method to 
reduce the weight of vehicles. Understandably, the reduction of weight was designed to 
improve fuel efficiency and reduce carbon dioxide emissions [25]. 
 
A new generation of polymer composites, nanocomposites, appears in the late 1980s. 
The first real nanocomposite was developed by Toyota, via exfoliation of clay in N6 
[2]. Since then, nanocomposites have attracted a lot of attention. At present, such 
products have become a competitor of carbon/glass fibre composites. Clay 
nanocomposites are the most successful commercially developed nanocomposites. They 
have been extensively used as engineering construction materials [26], [27], flame 
retardant [28] and barrier materials [29] in many industrial applications. Carbon 
nanotube composites are also an important branch of nanocomposites and have many 
outstanding properties such as high stiffness, outstanding electric and thermal 
conductivity [30]. Current research in this area is focused upon solutions for the filler 
agglomeration problem and the high production costs of nanotubes [31], [32]. 
 
2.2.2 The reinforcement of polymers 
In general, composites consist of two or more constituents and possess superior 
properties to any individual component. One of the components is called the matrix. 
The matrix can be a polymer, a metal or a ceramic. When the matrix is a polymer, the 
material is known as a polymer composite. 
 
The other component of a composite is the reinforcing phase which is usually strong 
and stiff and known as reinforcements. The reinforcing phase can be fibres, layer-
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structured or particulate materials, which is embedded in the matrix. In the classification 
of reinforcing components according to material geometry, fibres are one-dimensional 
reinforcement, layered-structural reinforcing components are two-dimensional and 
spherical particles are zero-dimensional reinforcement. Several examples for each type 
of reinforcement material are illustrated in Table 1. 
 
Table 1: Reinforcement fillers in polymer composites 
Spherical particles 
0-D reinforcement 
Fibres 
1-D reinforcement 
Layered-structure fillers  
2-D reinforcement 
CaCO3, Al(OH)3 
Silicas 
Carbon black 
Glass beads 
Nano-particles 
Carbon fibre 
Glass fibre 
Organic fibre 
Boron, Silica fibre 
Carbon nano tube/fibres 
Smectite Clay 
Silica/glass flakes 
Bhomites  
Graphite 
 
Understandably, the production of composites using reinforcements in different size 
ranges results in products with different properties. Consequently, polymer composites 
are also categorised by filler size as micro, nano and sub-micro composites. The 
dimensional range of each regime is shown in Table 2. 
 
Table 2: Dimensions of the reinforcing phase 
Molecular Nanoscale Sub-micro Micro 
< 0.1nm ∼1nm—100nm 100nm—5µm 5—30µm 
 
 
Carbon fibre and glass fibre are the most popular reinforcements used in fibre 
microcomposites. Clay, graphite, CaCO3, Al(OH)3 and silicas can be used as either 
micro or nano fillers dependent on their size in the micro or nano range. Carbon nano 
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tubes/fibres are important for the production of carbon nanocomposites. Several 
individual fillers are discussed in this section including carbon fibres, glass fibres, clays, 
graphite flakes, carbon nanotube/fibres and glass flakes. 
 
2.2.2.1 Carbon fibres 
Carbon fibres are essentially produced from organic materials such as rayon, pitch, 
polymers which already contain or readily form aromatic structures when undergoing 
graphitisation/carbonisation heat treatment. The manufacture of carbon fibre is energy 
intensive and hence expensive. The production process comprises of melt spinning, 
stabilisation, carbonisation/graphitisation, surface treatment and sizing. A commercial 
carbon fibre production process for pitch and polyacrylonitrile (PAN) is shown in 
Figure 1 [33]. 
 
The properties and structures of carbon fibres are affected by heat treatment temperature 
and the ability of graphitization of the carbon fibre precursor. High strength fibres are 
produced at temperature between 1200-1600 °C while high modulus carbon fibre are 
produced at temperatures over 1800 °C. At present, a high stiffness carbon fibre with an 
axial tensile modulus of 895 GPa and a high strength carbon fibre with an axial tensile 
strength of 4.7 GPa are commercially available [34]. 
 
Pitch-based carbon fibres have sheet-like structures, while PAN-based carbon fibres 
have a turbostratic texture. These structures are shown schematically in Figure 2 [33]. 
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Figure 1: A commercial carbon fibre production process [33] 
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Figure 2: Typical models of the carbon fibres [33] 
 
 
2.2.2.2 Glass fibres 
The structure of glass fibre is an intricate three-dimensional network with oxygen in the 
tetrahedral corners and silicon in the middle. The silicon atom is covalently bonded to 
each oxygen atom [35]. The temperature of silica liquefaction is so high that other 
elements are required to reduce processing temperature. Materials added into glass to 
form glass fibres include silicate, boric acid, coal and fluorspar which contain small 
quantities of phosphorus, sulphur, tellurium and selenium [36]. All raw materials are 
mixed and melted in a high temperature refractory furnace at 1260 °C. The molten 
mixture flows, by means of gravity, directly onto platinum bushings where glass fibres 
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a) Model of the PAN-based high strength carbon fibres. 
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are formed. After high speed winding, glass fibres are twisted, roved, woven or chopped 
into short fibres ready for use. With this process, glass beads and micro-sized glass 
flakes can also be obtained. Figure 3 shows a direct melt processing of glass fibres [36]. 
 
Different types of glass fibres can be produced using different compositions of raw 
materials. The different types have different properties and application domains. 
Depending on the properties of resulting products, glass fibres are classified as electrical 
insulation, high strength, and chemical resistance fibres. These are correspondingly 
referred to E-glass, S-glass, and C or A-glass [36] respectively. The tensile yielding 
strength of commercial S and C glass fibres can reach up to 3.1-3.8 GPa and 2.7-3.03 
GPa while the tensile modulus is 76-81GPa and 63-69 GPa respectively [37]. 
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Figure 3: The direct melt processing of glass fibres [36]  
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2.2.2.3 Clay 
The popular clays used for composite application are kaolin and smectite groups. The 
smectite group is particularly useful for nanocomposite application. The structure of 
kaolin and semctite clays consist of two basic building blocks, tetrahedral silica(Si2O5-2) 
and octahedral alumina (Al(OH)6-3) as shown in Figure 4 [38]. In the tetrahedral silica, 
one silicon atom bonds with four oxygen atoms. The tetrahedrons share three out of 
every four oxygen atoms and are arranged in a hexagonal pattern where the basal 
oxygen atoms link together and apical oxygen atoms point up or down. In the octahedral 
alumina, one aluminium atom bonds with six oxygen atoms. These octahedrons join 
together at their edges and are arranged in a hexagonal pattern. 
 
 
Figure 4 : The structure of clay building blocks [38] 
 
Kaolinite is from the kaolins group and has the structural formulae Al4Si4O10(OH)8. The 
kaolinite lattice consists of one sheet of silicon tetrahedron and one sheet of aluminium 
octahedron and hence a 1:1 or a two-layer structure clay. Two layers join together by 
the apical oxygen ions, of the silicon tetrahedron layer, as shown in Figure 5. Kaolinite 
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has a basal spacing of 0.71nm across the (001) plane. It is a non-expanding clay mineral 
and has a low cation exchange capacity of 0.03-0.15 meq/g [39]-[41]. 
 
Smectites have a 2:1 or triple layer sandwich structure that comprises of an octahedral 
alumina sheet at the centre, bonded to two tetrahedral silica sheets by oxygen ions. The 
oxygen ions belong to both the octahedral alumina sheet and tetrahedral silica sheet 
after the bonding [40]. Aluminium in octahedral sheets can be substituted by 
magnesium and iron. The replacement of Al by Mg or Fe with less numbers of valence 
electrons gives the clay layers an overall negative charge. The charge is often balanced 
by the presence of calcium, potassium and sodium cations absorbed between the three 
layers. These cations, however, are held relatively loose and are readily exchanged by 
other cations with either long or short chains [41]. The triple sheet layer is 0.22nm thick 
[39] and its basic structures are illustrated in Figure 5. 
 
 
Figure 5: The structure of 1:1 and 2:1 clays [40], [41] 
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The triple sheet layers form stacks with the interlaminar gallery between them. 
Montmorillinite is the most common smectite with a general structural formulae of 
(½Ca,Na)(Al,Mg,Fe)4(Si,Al)8O20(OH)4 · nH2O and typical basal spacing of 1.2-1.4 nm. 
Montmorillinite is an expandable clay mineral and has a high cation exchange capacity 
of 0.8 to 1.2 meq/g [41]. The expandable inter-layer space and high cation exchange 
capacity allow polymer monomers or chains intercalating into the clay structure 
resulting in the formation of nano polymer composites. This characteristic permits 
smectite clays to play an important role in polymer nanocomposite reinforcement. 
 
2.2.2.4 Graphite 
Graphite flakes are made from natural graphite. The degree of graphitization can be as 
high as 99.9%. They possess the lowest level of crystal defect amongst graphite 
products [42]. A graphite crystal is comprised of parallel planes, stacked in a regular 
ABAB… sequence or ABCABC… The ABCABC… sequence is, however, not 
dominant. The structure of ABAB… sequence is shown in Figure 6. 
 
 
Figure 6: The crystal structure of graphite [42] 
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Within a single plane, each carbon atom is bonded to three others by strong covalent 
bonds forming continuous hexagons. This structure can be considered as a two 
dimensional infinitely large molecule with adjacent planes being held by much weaker 
van de Waals bonds [42]. As a result of such structure, the Young’s moduli in the layer 
direction can be as high as1000 GPa [32] with theoretical axial tensile strength of about 
100 GPa [3]. The Young’s modulus in the direction perpendicular to the planes is 35 
GPa [5]. Providing graphite flakes are exfoliated into individual layers in polymer 
matrices, the outstanding mechanical properties of graphite layers would be fully 
utilised. Therefore, graphite has great potential for enhancing the mechanical properties 
of polymers. 
 
2.2.2.5 Carbon nano tubes/fibres 
Only a few reports on carbon nanofibres were produced between 1950s-1970s [43], 
[44]. Little attention was paid to them due to their imperfect structures and high 
production cost. However, the discovery of tubular structured fullerenes, i.e., multi-
walled carbon nanotubes (MWCNTs) in 1991, brought carbon nano-fillers back into 
research. Shortly afterwards, single-walled carbon nanotubes (SWNCTs) were 
discovered by Lijima et al. in 1993 [45], [46]. At present, thousands of papers on carbon 
nanotubes are published every year [30], [47]-[50]. 
 
The structure of carbon nanotubes consist of long and thin tubes rolled from a graphite 
sheet with an armchair, zigzag or chiral orientations depended on the rolling angle, as 
shown in Figure 7 [30]. The edges of tubes have a closed structure apart from 
Herringbone multi-walled nanotubes which have an open truncated-cone-like structure.  
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Figure 7: Structure models of single walled carbon nanotubes [30] 
 
Carbon nanotubes possess some outstanding properties due to their exclusive shape and 
structures. The Young’s modulus of SWCNTs can reach 1000 GPa while tensile 
strength is close to 30 GPa [30]. These properties are theoretical in-plane stiffness and 
transverse strength of the graphite crystal and are much higher than steel. Carbon 
nanotubes have extraordinary electronic properties. They offer semi or metallic 
conductivity depends on their structure. When a nanotube is made by rolling a graphite 
sheet at a specific angle, its conductivity can be in the metal range. The calculated 
conductivity of ropes of SWCNTs can be high as 104 S/cm [51]. In addition, carbon 
nanotubes have a remarkable tolerance to high density currents [52]. 
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Commercial applications of carbon nanotubes, however, have been impeded by high 
production costs and low yields of high quality product. So far, arc-evaporation, laser 
ablation and chemical vapour deposition have been used to syntheses carbon nanotubes. 
The first two methods produce high quality carbon nanotubes but involve high 
temperature, high energy consumption and low productivities. The chemical vapour 
deposition method, in contrast, has difficulty in producing high quality nanotubes; even 
though it allows production on a larger scale which results in relative low priced 
nanotube products. 
 
Due to their excellent mechanical and electrical conductive properties, carbon 
nanotubes have great potential in polymer enhancement applications. Recent research 
into carbon nanotube composites has concentrated on the improvement of dispersion 
extent of nanotubes in polymers and nano-sizing techniques, in order to increase the 
reinforcement efficiency of carbon nanotubes [32], [52]-[54]. 
 
2.2.2.6 Glass flakes 
Glass flakes can be used as a replacement for glass fibres to enhance the polymers. 
Compared to glass fibres, the production costs of micro-sized glass flakes is lower due 
to their simpler processing procedure as shown in Figure 3 [37]. 
 
Ultra-thin flakes, however, are difficult to produce using common melt processing 
techniques. A sol-gel method has been developed to manufacture glass flakes with 
thicknesses less than 1 µm by Nippon Sheet Glass Co [55]. Ethane, isopropanol, silane 
and nitric acid were used to prepare a silica sol solution. The sol was coated on a 
stainless sheet substrate at low temperature after the required viscosity of solution was 
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reached. During the drying process, the sol turned into a gel film. By peeling the film 
off the gel films from the substrate, thin gel flakes were obtained and converted into 
glass after treatment at 900 to 1200 °C. 
 
Using the sol-gel method, a very narrow thickness distribution of glass flakes can be 
achieved. The standard deviation of flakes with thickness 0.588 µm can be as low as 
0.081 µm according to Takemura [55]. It is not possible to achieve such narrow 
distributions with conventional methods or naturally formed flakes. 
 
In 1998 ultra-thin glass flakes were developed by Glassflake Ltd. and applied to 
polymer enhancement in 2000. Today, 750, 350 and 100nm thick products are available 
but not produced on a commercial scale [56]-[58]. Even now reports on their 
performance in polymer enhancement are limited. 
 
2.2.3 Fibre composites 
Fibre/polymer composites are an important development in advanced materials. This 
technology has been used to overcome the many disadvantages of polymers and 
allowed them to be used in a wide range of applications where polymers were 
previously unsuitable due to their lack of required mechanical properties. 
 
The diameters of fibres used for polymer reinforcement are normally 5 to 30 microns 
and usually over a hundred microns in length. Classified by the smallest dimension of 
reinforcement, the enhancement of fibre composites is therefore in the micro range. 
Carbon and glass fibre composites are the main types of fibre composites and have 
dominated the market of reinforced polymers since they were developed. Organic, 
2 Literature survey 
 
 
Yalan Li  page 23 
boron, silica carbide fibre composites are also newly developed for specific 
applications, such as high temperature resistance [16], [59]. 
 
In general, all fibre composites are enhanced by either long or short fibres. Long fibre 
reinforcement, also called continuous reinforcement, is where fibres are bundled, roved, 
matted, woven or knitted in aligned and laminated form. Such reinforcement thus has a 
preferred orientation. Short fibre reinforced composites, in contrast, are less uniform in 
alignment and have an orientation efficiency factor of 0.6-0.7 in general [60]. In this 
section, the fabrication of long fibre reinforced thermoset and short fibre reinforced 
thermoplastic composites as well as mechanical properties of carbon and glass fibre 
reinforced plastics are discussed. 
 
2.2.3.1 The fabrication of fibre composites 
The processing method of long fibre reinforced thermoset composites generally 
comprises of autoclave moulding, resin transfer moulding, pultrusion and filament 
winding. Pultrusion and filament winding can also be used for thermoplastic composites 
[1], [5], [61]-[65]. 
 
Prior to autoclave processing, fibre layers are impregnated, hand/automated lay-up and 
bagged. Autoclave consists of two stages. During the first stage, pressurisation up to 1 
MPa coupled with medium temperature and full vacuum underneath the bag are applied 
in order to get rid of volatiles and allow resin flow. The second stage is resin curing in 
which the autoclave pressure and temperature is further increased [61]. This process can 
be used for large component manufacture. 
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As its name suggests, with resin transfer moulding fibres are arranged in a mould into 
which resin and cure agent are injected. This method is usually applied to low viscosity 
resins and can produce relatively large mouldings [5], [65]. 
 
Pultrusion and filament winding processes both involve fibre tows being pulled through 
a resin bath. The impregnated fibres are then fed into a heated and tubular die for 
consolidation and curing. Pultrusion and filament winding are methods used in the 
production of continuous length fibre reinforced parts. When compared with autoclave, 
they are economical and uncomplicated [62]-[64]. However, in the case of high 
viscosity plastics, with these techniques, it is difficult to achieve uniform impregnation 
especially at the centre of tows [1], [5]. 
 
Short fibre reinforced thermoplastic composites can be produced using universal 
processes that are commonly in neat thermoplastic production. Injection moulding and 
extrusion are two such examples [1], [66]-[68]. The injection moulding process is very 
straightforward. Pre-blended polymer and fibres are fed directly into a heated barrel 
where the polymer becomes molten. The mixtures are then forced into a relatively cool 
mould cavity by means of high pressure. Fabricated parts are ejected once the 
mouldings have solidified. This process can produce complex shaped components with 
considerable speed and precision. It is, however, difficult to apply this process to high 
viscosity and high fibre loaded composites [67], [68]. With extrusion techniques, fibres 
can be well dispersed within composites. Unfortunately, the process can cause fibre 
breakage leading to significant deceases in fibre length and aspect ratio. This in turn 
results in reduced mechanical properties of composites [68]. 
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The master batch technique is also used to produce short fibre composites, providing 
high loaded fibre composites are already available. Pre-blended mixtures of the pure 
polymer and the composite with a high fibre volume fraction are compounded by 
injection moulding, extrusion. Using master batch good fibre dispersion can be 
achieved. 
 
2.2.3.2 The mechanical properties of long fibre composites 
The mechanical properties of fibre composites are usually evaluated in terms of 
Young’s modulus, strength and toughness in fibre and transverse directions. 
Additionally, specific modulus and strength are also widely used as the evaluation. The 
mechanical performance of long fibre composites is a function of fibre and matrix 
properties, fibre content, interface bonding between fibre and matrix as well as void and 
moisture content. Generally, mechanical properties improve with fibre loading and 
improved interfacial bonding but decrease with increasing void and moisture content. In 
addition, the modulus and strength of a composite in the fibre direction are usually 
much higher than those in the transverse direction. For example, with 45% fibre volume 
content, the stiffness and strength of a carbon fibre unidirectional epoxy composite can 
be as high as 120-160 GPa and 700 MPa in the fibre direction while the transverse 
modulus is only 5 to 8 GPa [59], [69]. At the same fibre fraction of 45%, glass fibre 
reinforced epoxy composites have a lower longitudinal modulus of 20 to 40 GPa and 
strength of 400-500 MPa [69], [70]. This is a result of the lower mechanical properties 
of glass fibre. 
 
Fibre volume fraction has a significant effect on the mechanical performance of 
composites. In results reported by Botelho et al. [71], Nylon 6, 6 with 40vol% carbon 
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fibre had a Young’s modulus of 35.4 GPa, a tensile strength of 408 MPa and a 
compression strength of 290 MPa in the fibre aligned direction. When fibre loading was 
increased from 40 to 60vol%, the mechanical properties of the composite were 
improved 44.4% in Young’s modulus, 25.5% in tensile strength and 34.8% in 
compression strength. 
 
The interface bonding between fibre and matrix is also important for the mechanical 
properties of composites, especially for transverse strength. With a 60% volume fibre 
glass reinforced unidirectional laminar polypropylene composite, flexural strength and 
flexural modulus were 774MPa and 38.5 GPa while transverse flexural strength and 
flexural modulus were 8.6MPa and 4.9GPa respectively. A maleic anhydride grafted 
polypropylene was added to the matrix to improve the interface bonding of fibre and 
polypropylene. In doing this, increases of 34% in longitudinal strength, 139.5% in 
transverse strength and 38.8% in transverse modulus were achieved. The longitudinal 
modulus, however, reduced by 15.8% while longitudinal elongation to failure remained 
unchanged at 2-2.6% according to Rijsdijk et al. [72]. 
 
Void and moisture have negative effects on the mechanical performance of a composite. 
The research of Bureau et al. [73] shows that the flexural strength and flexural modulus 
of a unidirectional polypropylene composite reinforced with 60wt% glass fibre was 
250MPa and 12.1GPa respectively. The properties, however, decreased to 123MPa and 
8.7GPa (i.e. dropped by 54.8% and 28% respectively), when void content of the 
composites increased from 1-6 to 8-10%. In the case that water interacts with matrix or 
the surface of fibres, through hydrogen bonding, moisture absorption occurs. This leads 
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to a reduction of glass transition temperature and deterioration in the dynamic 
mechanical properties of composites [74]. 
 
2.2.3.3 The mechanical properties of short fibre composites 
Except for matrix and fibre properties as well as fibre content and interfacial bonding, 
the mechanical performance of short fibre reinforced composites is also strongly 
affected by fibre length/aspect ratio and fibre orientation. 
 
Similar to long fibre composites, the mechanical performance of short fibre reinforced 
composites increases with fibre volume fraction and improvements in the interfacial 
bonding between fibres and matrices [68], [75]-[82]. For example, when glass fibre 
fraction is increased from 10 to 30wt%, the mechanical properties of a polyethylene 
terephthalate composite improve 64.7% in tensile strength and 114% in Young’s 
modulus [75]. According to Ozkoc [76], the addition of N6 into short glass fibre 
reinforced acrylonitrile-butadiene-styrene (ABS) composites resulted in improved 
interfacial adhesion between the fibre and ABS. Consequently, the properties of a 
30wt% glass fibre/ABS composite, blended with 20wt% N6, increased 17% in tensile 
strength, 24% in elastic modulus and 300% in unnotched impact strength, when 
compared with the corresponding glass fibre/ABS composite. 
 
Large fibre length and aspect ratio are the preferred properties for short fibre reinforced 
composites. Only if fibre length/aspect ratio is superiour to critical length/aspect ratio, 
can the strain in the fibre build up to the matrix value leading to efficient improvements 
in mechanical properties of composites [5]. Fibre length and aspect ratio in composites, 
however, can be reduced significantly due to fibre breakage during extrusion and 
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injection moulding processes. Such breakages result in the decreased mechanical 
performance of composites. The effect of fibre breakage on the mechanical properties of 
composites depends on the processing method employed, processing conditions and 
viscosity of polymers [68], [76], [79]-[83]. It has been reported [68] that when screw 
speed was increased from 25 to 200 rpm during the injection moulding process, fibre 
length reduced to 310 µm from 450 µm. Correspondingly, the tensile strength of short 
glass fibre reinforced polypropylene dropped by 25% from 60 to 45 MPa. 
 
Sui et al. [79] used a one-step injection moulding process to avoid thermal mechanical 
degradation in glass fibre length. They found that by applying the one-step injection 
process, average fibre length in glass fibre/EPDM-toughened Nylon 6,6 composites are 
longer than those in the composites produced using an extruding pre-compounding 
method. Consequently, the tensile strength and modulus of composites, produced using 
the one-step injection process, were 20-30% and 42.5% higher than the pre-
compounded composites. Similar results have also been obtained by Moriwaki [83] 
with short glass fibre enhanced nylon 6I/6T blended N6 composites. 
 
Ozkoc et al. [76] investigated the effects of polymer viscosity on length distributions in 
short glass fibre composites. By adding N6 into a 30wt% glass fibre/ABS system, the 
viscosity of composites decreased significantly. Melt flow index was observed to 
increase to 13.7 g/min from 3.2 g/10 min as did average fibre length, 482 µm from 427 
µm, when N6 content increased from 0 to 30wt%. The number of long fibres also 
significantly increased after the addition of N6. 
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During the injection moulding process, fibre orientation behaviour is complex and a 
skin/core/skin structure is generally developed. In the skin region, fibres are usually 
well aligned along the melt flow direction while random orientation occurs in the core 
of the moulding. Because only those fibres aligned in the load direction fully contribute 
to mechanical performance of a composite, the fibre orientation distribution/factor must 
be taken into account when evaluating the mechanical properties of short fibre 
reinforced composites. Fibre orientation is also affected by injection speed, melt and 
mould temperature. With low injection speeds, high melt and mould temperature, fibres 
tend to align in the flow direction [68], [75], [84]. 
 
2.2.4 Nanocomposites 
When reinforcing fillers are dispersed into a matrix in the nanoscale, which is defined as 
less than 100nm in at least one direction, a nanocomposite is formed. The fillers in a 
nanocomposite can be in the form of particles, fibres or layered-structural sheets. For 
example, metal nanoparticles, carbon nanotubes and clays [85]-[90]. Boehmite (γ-
Al2O3) based composites have also recently been reported [91], [92]. 
 
At present, nano reinforcing techniques have been applied to a wide range of polymers 
such as polyamide [27], [92]-[96], polypropylene [95]-[102], polyethylene [90], [103], 
polystyrene [104], polyimide [106], epoxy [95], [98]-[108], polyurethane [109] and 
ethylene vinyl acetate copolymer [95], [110]. The extensive research conducted has 
shown that the properties of polymers can be improved significantly at low filler 
loadings. These improvements include mechanical properties [93]-[96], [101]-[110], 
thermal resistance [93], [99]-[109], [111], solvent/gas permeation [27], [112] and flame 
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retardance [110], [113]. Details on synthesis methods, characterisation and mechanical 
property improvements of nanocomposites are reviewed in the following section. 
 
2.2.4.1 The synthesis and characterisation of nanocomposites 
Nanocomposites can be prepared by means of in-situ polymerisation [114]-[115], 
solution blending [116], direct melt [117]-[119] and sol-gel methods [91]. 
 
The in-situ polymerisation method requires fillers to be completely wetted with polymer 
precursors. This allows dispersion of fillers and polymerisation to occur simultaneously. 
This technology is commonly employed in the polymer synthesis industry. It is also 
useful in the production of thermoset nanocomposites. 
 
Direct solution blending is carried out using solvents to swell and disperse fillers into a 
polymer solution. The method is limited due to the high cost of solvents as well as 
health and safety issues associated with the disposal of solvent used [2]. It is, however, 
advantageous if water can be used as a replacement for solvents in processing [116], 
[120]. 
 
In the direct melt blending technique, fillers are dispersed into a polymer during melt 
processing. For most polymer systems, the dispersion of fillers in this way is not as 
efficient as using the in-situ polymerisation method. However, direct melt blending 
method does play an important role in nanocomposite manufacture since traditional 
polymer processing techniques, such as extrusion and injection moulding, can be 
applied directly [2]. 
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The sol-gel method involves the preparation of a sol solution containing 
inorganic/organic precursors, fillers and monomers/polymers, the gelation of sol and 
drying of the gel [121]. This process is mainly applied in the synthesis of metal or 
colloidal particle enhanced nanocomposites and is also popularly used in combination 
with in-situ polymerisation or direct solution methods [122]. 
 
The characterisation of nanocomposites depends on the structure of fillers and 
properties of nanocomposites. For nanoparticles, carbon nanotubes and single-layered 
fillers enhanced nanocomposites, the most important issue is the extent of dispersion of 
fillers within polymers. This can be characterised using scanning and transmission 
electron microscope imaging analysis [85], [112], [123]. For layer structured fillers, 
such as clays, the important issues are not only the level of filler dispersion but also 
layer exfoliation. The basal spacing of clay crystals expands after exfoliation resulting 
in a shift of X-ray pattern characteristic peaks. X-ray diffraction analysis can therefore 
be employed to determine the exfoliation level of clay in nanocomposites [112], [124]. 
In addition, the thermal properties and flame retardancy of nanocomposites can be 
evaluated by means of differential scanning calorimeter, thermogravimeter and cone 
calorimeter instruments [85], [123]. 
 
2.2.4.2  The enhancement in mechanical properties of nanocomposites 
With nanocomposite technology, the mechanical properties in elastic modulus, strength 
and toughness of polymers can be improved significantly at low filler content [27], 
[92]-[105]. The degree of mechanical property improvement in nanocomposites is 
strongly depended on the extent of dispersion of fillers in composites, the compatibility 
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of filler with matrix as well as matrix properties. In general, the better the reinforcement 
dispersion the better the mechanical property improvement achieved.  
 
The degree of dispersion of fillers in nanocomposites can be fundamentally determined 
by the synthesis method. In general, in-situ polymerisation results in better dispersion 
than the directly melt blending method and leads to better mechanical performance in 
nanocomposites. For example, N6 nanocomposites synthesised using in-situ 
polymerisation can achieve improvements in tensile modulus ranging from 68.5 to 
165% and increases in tensile strength between 40% and 67.1%. The enhancement of 
melt compounding products in tensile modulus and strength are lower and in the range 
of 36-61.65% and 20-34% respectively [27], [92]-[96]. Similar results were also 
observed in carbon nanotube composites. It was found that the elastic modulus of multi-
walled nanotube/polyamide 1010 composites, synthesised using in-situ polymerisation 
with tube content ranging from 5 to 30wt%, increased by 41.9-87.2% when compared 
with the pure polymer. For composites prepared using the melt mixing technique, in 
contrast, the degree of elastic modulus improvement were between 20% and 67.3% 
when compared with the pure polymer [97]. 
 
Also, for clay nanocomposites depending on the property desired, different types of 
dispersion are required. Wang [98] reviewed the effects of clay exfoliation level on the 
property improvement of nanocomposites. It was concluded that increased stiffness 
benefited from the exfoliation of clay whereas improved toughness was due to 
intercalated clay layers. With 2wt% filler content, fracture toughness of an intercalated 
clay/epoxy nanocomposite was improved by 77% from 0.62 to 0.97 MPa·m½ [99]. 
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The compatibility between filler and matrix is crucial in the production of high 
performance nanocomposites. This issue especially exists within systems where 
low/non-polar polymers are used as matrix, for example, polypropylene and 
polyethylene or carbon nanotubes used as reinforcement. When inorganoclays are 
utilised to prepare polypropylene composites, the tensile properties of resulting products 
remain unchanged or decrease, when compared with the pure polymer [100]-[102]. 
When an organoclay, a compatiliser or both were applied, on the contrary, an 
improvement in the range of 14-42.6% in tensile strength [96], [101], 40-45% in 
Young’s modulus [100], [101] and 70% in notched Izod impact strength was achieved 
[101]. Jin [105] investigated the effects of modified multiwalled carbon nanotubes using 
different surfactants on the mechanical properties of PET in-situ polymerised 
composites. The results obtained showed that with non-modified tubes at a loading of 
0.5 to 2wt%, tensile strength and tensile modulus of all composites was reduced when 
compared to the pure polymer. With a 1,10-diaminodecan modified carbon nanotube 
composite, a significant increase of 236% in tensile strength and 92.8% in tensile 
modulus was achieved at 0.5wt% filler content when compared with the PET. An 
increase of 81% in tensile strength and 178% in tensile modulus was also achieved at 
2wt% nanotube content. For the acid modified nanotube composites, strength and 
modulus reached a maximum at 1.0wt% filler content. Over 2.0wt%, however, a 
dramatic decrease was demonstrated due to the interface weakening caused by the 
agglomeration of nanotubes. 
 
The degree of mechanical property improvement of nanocomposites is directly related 
to the type of matrix material employed. With an elastomeric epoxy nanocomposite in-
situ polymerised from octadecyl ammonium ion modified clay, at 20wt% filler loading, 
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tensile strength and tensile modulus increased 9.5 fold and 8.5 fold when compared with 
the base polymer. Glassy epoxy clay nanocomposites, in contrast, improved only 15-
42.8% in tensile modulus and 19.7-28.9% in tensile strength [98]-[107]. 
 
2.2.4.3 The combination of nano and micro reinforcement 
Recently, nano reinforcing materials have been introduced into micro reinforcement to 
improve the interface shear strength between fibre and matrix. Improvements in 
interface shear strength in turn increase the toughness, transverse and compression 
properties of fibre composites. Nano-fillers employed in such applications include 
carbon nanotubes, carbon nanofibres and synthetic mica. For example, carbon 
nanofibres were used to toughen polyester/glass fibre composites by Sadeghian et al. 
[125]. With 1wt% nanofiller, the toughness of fibre composite was improved nearly 
100% based on model-I delamination tests. Zhu et al. [126] used glass fibres coated 
with 0.1wt% single-walled carbon nanotubes to reinforce polyester. The short beam 
shear strength of the resulting composite, at 70vol% fibre content, was increased by 
44.4% when compared with the corresponding composite without carbon nanotube 
coating. In work carried out by Vlasveld et al. [127], by adding 10wt% synthetic 
nanomica, the compression property of a fibre composite increased approximately 40% 
at 120 °C. There was, however, no obvious change below 40 °C. Meanwhile, the 
flexural strength of the same sample was increased by 17% at room temperature and 
40% at 120 °C. 
 
These results indicate that fibre composites combined with nano-reinforcement have the 
potential to produce materials with enhanced mechanical properties. More work, 
however, is required in order to achieve further improvements in mechanical properties. 
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2.3 The enhancement of other physical and engineering 
properties 
In addition to mechanical properties, nanocomposite technology can be used to enhance 
other engineering properties. In this section, nano-enhancement in flame retardancy, 
barrier and electrical conductive properties of polymers are reviewed. Electrically 
conductive carbon fibre composites are also briefly outlined.  
 
2.3.1 Flame retardancy 
The flame retardant properties of polymers can be improved by clay/polymer 
nanotechnology. The most attractive achievements in flame retardancy with clay 
nanocomposites are significant reductions in peak heat release rate (PHRR), mass loss 
rate (MLR), smoke density and the amount of carbon monoxide (CO) produced during 
material combustion. According to Gilman [128], with 5wt% clay, the PHRR and MLR 
of a clay/N6 nanocomposite decreased by 63% and 67% respectively while there was no 
increase in the release of soot and CO when comparing with the pure N6. 
 
Bourbigot et al. [113] studied multi-filament yarns of N6/clay nanocomposites 
produced by direct melt intercalation and melt spinning processing. They found that the 
peak heat release rate of their knitted fabrics decreased by 40% with corresponding 
reduction in smoke density and maximum amount of carbon monoxide produced, 
compared with pure N6. Zhu et al. [114] investigated clay/polystyrene nanocomposites 
produced using an in-situ polymerisation method. Their results showed that the 
nanocomposites produced have a much lower peak heat release rate and smoke density 
than pure polystyrene. Interestingly, the reduction in smoke density was independent of 
the clay content in composites. Zanetti et al. [117] introduced poly ethylene-co-
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vinylacetate (EVA) into clay polyethylene (PE) composites in order to improve 
compatibility between PE and clay and hence achieved better clay dispersion. The 
maximum MLR of PE/EVA/clay nanocomposite was found to be 0.76% sec-1 which is 
half that of the PE/EVA blends. 
 
In addition to clay/polymer nanocomposite itself, synergy between clay nanocomposites 
and other fire retardants has been reported. The synergy between three universal 
phosphorus fire retardants and organic clay was investigated by Chigwada et al. [129]. 
The polystyrene nanocomposite, with 30% resorcinol diphsophate and 5% clay, 
exhibited a reduction in PHRR of up to 92% and a decrease of 60.7% in total heat 
release from 109.7 to 43.1 MJ/m2 when compared with the pure polymer. In the system 
without clay, the PHRR reduced by 64% only. This approach, however, resulted in the 
reduction of corresponding mechanical properties due to the high filler content of fire 
retardants used. 
 
Carbon nanotubes and graphite oxide are also used to enhance the fire retardancy of 
polymers. Using a Brabender internal mixer, Peeterbroeck et al. [110] prepared an EVA 
nanocomposite with 4.8wt% MWNTs. Results obtained showed that the PHRR of the 
nanocomposite reduced by 30% while a clay/EVA nanocomposite containing the same 
filler content decreased by 18.96% when compared with pure EVA. With a combination 
of both clay and nanotubes at 4.8% loading in total, the PHRR reduction ratio of the 
composite increased by 6.2% and 17.24% when compared with clay/EVA and carbon 
nanotube/EVA composites at 4.8wt% filler loading respectively. The reason for this is 
reported as the synergistic effect between carbon nanotubes and clay. Zhang et al. [130] 
utilised Graphite oxide to improve the flame resistant property of styrene butyl acrylate 
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copolymer. By adding 1wt% of graphite oxide to the polymer, a reduction of 45% in 
peak heat release rate was achieved when compared with pure copolymer. Mass loss 
rate, total smoke production and smoke release rate were also lower than those of the 
pure polymer. 
 
Improvements in flame retardancy of polymer nanocomposites are essentially caused by 
the enhanced performance of combustion chars. Chars act as a barrier for heat transfer 
and volatile evolution. The less flammable volatiles are therefore produced leading to 
less flammable gas in the flame region. The efficiency of the char barrier formed 
depends on both quantity and quality of combustion chars [131]. 
 
Kashiwagi et al. [88] investigated char yield and char morphology of clay/N6 
nanocomposites after cone calorimetric measurements in a nitrogen flow. They found 
that the order of char yield was 5wt% clay nanocomposite > 2wt% clay nanocomposite 
> pure polyamide. The 2wt% clay/N6 nanocomposite produced a char yield of 5% 
which is 2.5 fold that of the pure polymer. The char formed from these nanocomposites 
was reported as being brittle and containing many cracks. In work by Peeterbroeck et al. 
[110] and Gao et al. [132] the quality of char produced by a clay nanocomposite can be 
improved by adding carbon nanotubes into the composite. The research of both groups 
is based on ethylene vinyl acetate copolymer. The char morphology produced from 
clay/MWNTs/EVA composites were compared with those from clay/EVA 
nanocomposites. Results obtained show that chars formed from clay/MWNTs/EVA 
nanocomposites contain far fewer cracks than clay/EVA nanocomposites [110], [132]. 
The combustion chars of clay/MWNTs/EVA nanocomposites also exhibited better 
oxidation resistance than those formed from clay/EVA nanocomposites [132]. 
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2.3.2 Barrier properties 
In general, barrier improvement is a function of aspect ratio of fillers. Larger aspect 
ratios provide greater barrier performance [29]. Clays are the most successful 
candidates for polymer barrier applications, due to the high aspect ratio of nano-layers 
after intercalation and exfoliation. 
 
Jiang et al. [112] reported on organic montmorillonite/N6 nanocomposites synthesised 
via the melt compounding method. Compared to pure N6, the barrier property of nano-
composites was improved by a factor of 3 for toluene and by a factor of 4 for ethanol 
with an organic montmorillonite content of 0.1-0.2wt% only. Wang et al. [98] 
investigated the water, acid, alkali and solvent resistance of exfoliated organoclay 
elastomeric epoxy composites, with 9.1wt% organoclay loading. The resistance of the 
nanocomposite is reported as improving by 36% for distilled water, 6% for sodium 
hydrate, 56.9% for 30% sulphuric acid, 23.5% for methanol and 28% for toluene. 
 
When considering cost, safety and recycle-ability of food and beverage containers, 
polyethylene terephthalate (PET) is an ideal material. Improving the gas barrier 
properties of polyethylene terephthalates is therefore considered an important field of 
research. There has been extensive work on PET clay nanocomposites. However, none 
of the nanocomposites produced have been commercially used as food packaging 
materials because of difficulties in colour, transparency and blow moulding. Tsai [133] 
and Matayabas et al. [29] have conducted a comprehensive review on the gas barrier 
property improvement of PET clay nanocomposites. In typical PET clay 
nanocomposites, oxygen and carbon dioxide permeation rates have been reduced by 
97.8% and 67% from 0.09 cm3/pack 24h 0.2 atm O2 and 60 cm3/ m2 24h to less than 
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0.002 cm3/pack 24h 0.2 atm O2 and 20 cm3/ m2 24h respectively, when compared with 
the pristine PET [29]. The oxygen permeation index of a monolayer PET bottle 
fabricated from a clay nanocomposite has been observed to decrease by 70% from 100 
to less than 30. With PET/N6 multilayer containers, gas barrier properties have been 
dramatically improved by the replacement of PET with polyethylene terephthalate clay 
nanocomposites as well as the substitution of N6 with N6/clay nanocomposites [133]. 
 
2.3.3 Electrical conductivity 
By adding conductive fillers into polymer, conductive polymer composites can be 
synthesised. The conductive transition of polymer composites requires primary filler 
loading, namely critical percolation threshold where the electrical conductivity of a 
composite starts to significantly increase as a function of filler loading [134]. In 
addition, the conductivity of polymer composites is strongly affected by matrix and 
conductive network properties as well as application temperature [135]-[137]. Carbon 
fibre, carbon nanotube and expanded graphite are amongst the most widely used fillers 
for electrical conductive enhancement of polymers [29]-[31], [137]-[148]. 
 
Feller et al. [137] synthesised short carbon fibre unsaturated polyester and epoxy 
composites by adding fibres into the resin with an initiator and hardener. Electrical 
resistance was measured using a four-point probe technique. At 45 oC, the percolation 
threshold was achieved at carbon fibre content 1vol% for both composites, while 
resistance reduced to a minimum at 2.51vol% for the polyester composite and at 
3.15vol% for the epoxy composite. Below 90 oC, conductivities of the composites were 
relatively stable. In the range 90 to 160 oC, an increase in electrical resistance of 
composites with temperature was observed, especially with a 1.88vol% fibre enhanced 
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epoxy composite. Such conductivity change with temperature makes the composite 
useful in temperature sensing applications [149]. 
 
With carbon nanotube enhancement, a low percolation threshold can be achieved in 
many polymer matrices. For example, an ultra-low percolation threshold in epoxy was 
reported by Sanler [150]. The composites were in-situ polymerised using aligned 
chemical vapour deposition grown carbon nanotubes and a bisphenol-A resin. A 0.0025 
wt% percolation threshold was observed and a volume conductivity of 2×10-2 S/cm was 
achieved at 1wt% filler fraction. In addition, a 3wt% percolation threshold in an in-situ 
polymerised MWCNTs/polyimide composite and 5wt% in an extruded 
MWCNTs/polycarbonate composite have also been achieved according to So [151] and 
Chen [152]. Such low percolation thresholds with carbon nanotube enhancement allow 
electrically conductive carbon nanotube polymer composites to be produced with 
improved or retained mechanical properties [153]. For example, at 3wt% filler content, 
the volume conductivity of a MWCNTs/polyimide composite achieved 4×10-3 S/cm 
while the mechanical properties of the composite improved 22.4% in tensile modulus 
and 2-3% in strength [151]. 
 
The layer-interlinked porous structure of expanded graphite (EG) allows an intact 
graphite network to be retained within polymers and hence leads to composites 
conductive at low filler fractions [143]-[146]. In addition, because of low production 
costs, expanded graphites have the potential to compete with carbon nanotubes in 
conductive property enhancement of polymers. The conductivity of expanded graphite 
composites is dependent on the polymer matrix, post-treatment of expanded graphite 
and synthesis method of composites. In general, a relatively high conductive composite 
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can be produced at low filler content if the matrix is anti-static or slightly conductive. 
For example, in-situ polymerised EG/polyaniline composites can achieve a volume 
conductivity of 33.3 S/cm at 1.5wt% EG content [135]. In contrast, an in-situ 
polymerised polystyrene/EG composite exhibited 10-2 S/cm conductivity at 13.4wt% 
EG fraction [140]. An epoxy composite enhanced with expanded graphite possesses a 
conductivity two orders of magnification higher than its sonicated EG enhanced 
counterpart [136]. Using an in-situ polymerisation method, the electrical conductivity of 
an expanded graphite/poly(methyl methacrylate) composite reached 10-3 S/cm at 2vol% 
EG fraction [141]. When a solution synthesis technique is employed, in contrast, 
volume conductivity of the composite only reached 10-5 S/cm at 2vol% EG fraction 
[142]. 
 
In recent years, extending from the conductive property, smart functions have been 
developed using carbon nanotubes enhanced polymer composites. Since their electrical 
conductivity varies with the changes in stress, strain and environmental temperature, 
carbon nanotubes enhanced polymer composites have been employed as strain, damage 
and temperature sensors. Such sensors are applied in vibration inspection, damage self-
monitoring and temperature control [149], [154]. In addition, as reported in [155], by 
fabricating a fibre-paper-fibre composite sandwich, continuous carbon fibre epoxy 
composites were used as capacitors. With a capacity of 1.2 µF/m2 at 2 MHz such 
composites are valuable as power cell components in lightweight solar devices. 
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2.4 The advantages and limitations of polymer enhancement in 
different size regimes 
High loaded unidirectional fibre composites possess superior axial mechanical 
properties but relatively poor transverse properties. Nanocomposites can achieve 
outstanding mechanical property improvements at low filler loadings. In addition, 
nanotechnology is capable of providing polymers with enhanced functional properties. 
Further improvements in the mechanical properties of nanocomposites are, however, 
obstructed by their limited filler loading and the high cost of nanofillers. 
 
2.4.1 The limitations of polymer reinforcement in micro scale 
Currently, the limitations of micro polymer reinforcement are the inadequate utilisation 
of mechanical properties of raw materials and the complex composite fabrications. The 
following discussions include the theoretical consideration of both fibres and 
composites. 
 
2.4.1.1 Theoretical consideration of fibres and fibre composites 
As reinforcing materials, fibres are expected to inherit properties derived from the 
strong chemical bonds within the molecular structure of their raw material. This, 
nevertheless, is unachievable in some cases. Carbon fibre is one such example. The 
carbon fibre approach is based on utilising the strong covalent bonds within the 
aromatic sheet structure of graphite [3]. Carbon fibres, however, only achieve 4-5% of 
the theoretical strength of aromatic sheets. The weak interconnection between aromatic 
sheets in the carbon fibre structure inhibits the material achieving high strength. In 
addition, with current fabrication techniques, high modulus and high strength cannot be 
simultaneously achieved in one carbon fibre product. Conveniently, this can be 
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explained according to the Marsh-Griffith model of graphitisation/carbonisation process 
as shown in Figure 8 [3]. 
 
Figure 8: The Marsh-Griffith model of carbonsation/graphisition process [3] 
 
During fibre processing, aromatic sheets are formed progressively as temperature 
increases. Over 2000 K, continuous aromatic sheets and 3-D stacked graphitic carbon 
are formed. A further rise in temperature causes the orientation of aromatic sheets in the 
fibre direction resulting in carbon fibres with high modulus. Individual aromatic sheets 
contained within the fibres cannot be considered infinitely large and lack inter-
connection. As a consequence, the fibres have a relatively low strength. In order to 
obtain high strength, a random and cross-linked turbostratic texture is necessary which 
can only be obtained below 2000 K [31]. Thus a problem arises. Below 2000 K the 
aromatic sheets are not sufficiently developed or aligned in the fibre direction resulting 
in a low modulus while above this temperature the structure for high strength 
disappears. Carbon fibres thus exhibit either high strength or high stiffness but cannot 
achieve both in the same product. The highest strength reached by carbon fibres is 
around 4-5 GPa, this is only 4-5% of the theoretical strength of graphite structure. This 
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is not a problem in nanocomposite technology. Taking clay for an example, when clay 
is exfoliated into a matrix, the clay nanolayers are connected individually with polymer 
molecules and hence the inherent properties of the clay layer can be fully utilised. 
 
Furthermore, as a reinforcing component, the fibres are usually much stiffer than the 
matrix. This difference can cause magnified deformation of the matrix in the local area 
around the fibres when a transverse stress is applied. This deformation is much larger 
than the one exerted on the matrix itself. This phenomenon is identified as strain 
magnification. Such magnification can lead to composite failure at much lower strain 
than the pure polymer. This problem is unavoidable in fibre composites but can be 
reduced through the use of reinforcement close to the molecular level, i.e. nano 
reinforcement [2]. 
 
2.4.1.2 Problems associated with other properties and manufacturing 
difficulties 
Difficulty in achieving a high quality surface finish and the failure to utilise 
conventional polymer processing techniques are additional problems associated with 
fibre reinforced composites. Apart from these, the viscosity of discontinuous fibre 
reinforcement composites dramatically increases with the increase of fibre loading. This 
can cause die blockage, flow difficulties during the manufacturing process when high 
filler loading composites are produced using injection moulding techniques.  
 
2.4.2 The problems with polymer reinforcement in nanoscale 
Although nanocomposites have higher mechanical properties than fibre composites at 
low loading levels, these properties generally reduce significantly when filler loading 
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exceeds 10wt%. The reason for this is the agglomeration of nano-fillers at high filler 
loading. 
 
A key feature of nano reinforcement is the dispersion of fillers into the matrix at the 
nano level. It is known that once a layer-structured filler is exfoliated in the nano scale 
their surface area increases greatly. The surface area of a clay particle with thickness of 
2-3µm, for example, can enlarge 4000 to 6000 times when it is exfoliated [156]. As a 
consequence, at high filler contents there are not enough polymer molecules in the 
composite to wet the filler surface resulting in the agglomeration of nano-layers. Such 
agglomeration is detrimental to the interfacial bonding at the filler/matrix and reduces 
filler aspect ratio in the composites [2], [157]. It is well known that the mechanical 
properties of a composite are dependent on not only the properties of filler but also filler 
loading. Therefore, it is difficult to use nanotechnology to achieve very high mechanical 
properties without sacrifice of the inherent properties of the fillers. 
 
2.4.3 The need for sub-micro technology and development of sub-
micro polymer composites 
Sub-micro polymer composite techniques have the potential to overcome the difficulties 
possessed by nano and micro composites mentioned above. The dimension of sub-micro 
reinforcing phase is larger than the nano scale. Such a scale has advantages over 
nanocomposites because they avoid the large surface area problems and allow high 
filler loadings in sub-micro composites to be achieved. This leads to higher mechanical 
performance when compared with current nanocomposites. The sub-micro dimension, 
on the other hand, is smaller than the micro scale. Sub-micro fillers therefore possess 
better bonding capabilities with polymer molecules resulting in better utilisation of 
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inherent material properties. In addition, the preparation of sub-micro composites is 
similar to nanocomposites. They are therefore able to make use of the synthetic methods 
of nanocomposites and can be produced using conventional polymer processing 
methods.  
 
All of these represent a strong argument for the development of sub-micro polymer 
composites. The concept of sub-micro has been widely used in metal and ceramic 
composites. Aluminium, aluminium oxide, titanium oxide, nickel and silica particulates 
with a size range of 100-700nm are the most utilised sub-micro reinforcement for 
metals and cerimics [158]-[172]. Sub-micro filler reinforced metal and ceramic 
composites have demonstrated significant improvement in wear properties, hardness, 
strength and stiffness of metals and ceramics [165]-[172]. For example, the fracture 
toughness and bending strength of sub-micro silicon carbide/silicone composites are 
107% and 67% higher than those of the pure silicon [170]. Similarly, sub-micro silica 
carbide reinforced aluminium-lithium alloy results in an increase of 125% in hardness 
and 47% in ultimate tensile strength, when reinforcement is evenly and finely dispersed 
in the alloy [171]. 
 
Little research has been reported in sub-micro polymer composites [173]-[175]. The 
research documented is mainly concentrated on the wear property improvement of 
composites. Xing [173] prepared 120 and 510nm spherical silica particle reinforced 
epoxy for coating applications. The wear resistance of the resulting composites was 
improved significantly at low filler loading. For example, a reduction of 275% in wear 
rate was achieved at 2N normal load with 2wt% 120nm silica filled epoxy. Over 2wt%, 
wear resistance tends to reduce due to the agglomeration of sub-micro silicon particles 
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resulting in the poor dispersion of fillers. It was also found that the wear resistance of 
composites decreases as silica particle size increases. Recently, sub-micro sized 
titanium oxide and zinc sulphide were applied to short carbon fibre reinforced 
polyetheretherketone (PEEK) and polyetherimide (PEI) systems to improve the wear 
resistance of fibre composites [174]. It was reported that the addition of 8% mixture of 
300nm titanium oxide and zinc sulphides reduced the wear rate of carbon fibre PEEK 
composites by 110% and 57-105% as well as frictional coefficient by 75% and 250-
280% at 70 and 150 oC, respectively. For carbon fibre PEI composites, the wear rate 
reduced by 77-150% at 70 oC after the addition of 10% 300nm titanium oxide. The 
mechanism of such improvements suggested is the change of particle sliding to particle 
rolling in the presence of sub-micro fillers. 
 
The first report on mechanical reinforcement of sub-micro polymer composites was 
published in late 2007 and was based on sub-micro pyrogenic silica as reinforcement 
and epoxy as matrix [175]. The diameter of pyrogenic silica was reported as being 100 
to 250nm and formed by the aggregation of primary particles with a size of 5 to 30nm. 
Thermal mechanical behaviour, tensile modulus, fracture strength and fracture 
toughness of the composites were investigated using glassy and rubbery epoxy systems. 
For the glassy epoxy, the addition of 5wt% sub-micro pyrogenic silica led to a 20 oC 
increase in the temperature of main mechanical relaxation as well as 10%, 41% and 
19% improvement in post-relaxation elastic modulus, fracture strength and fracture 
toughness, respectively. Tensile modulus, however, was not improved due to the low 
filler fraction. As filler content increased to 10wt% from 5wt%, tensile modulus 
increased by 8% while fracture strength decreased by 37%. The surface modification of 
silica using amino-silane did not show any benefits to the mechanical properties 
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investigated. This was because the agglomeration of filler particles occurred during 
filler treatment and composite processing. Different from the glassy epoxy system, the 
rubbery epoxy reinforced with sub-micro pyrogenic silica did not exhibit differences in 
the temperature of main mechanical relaxation, at any filler content, when compared 
with pure epoxy. As filler fraction increases, post-relaxation modulus, tensile modulus 
and tensile maximum strength of the rubbery epoxy were significantly increased up to 
4.5, 2.88 and 3.1MPa at 36wt% filler loading. These values represent an improvement 
of 400%, 460% and 317% respectively, when compared with the matrix. Such 
improvements are much greater than those achieved by the glassy epoxy system and are 
due to the contribution of the open fractal structure of silica in its rubbery state. The 
structure resulted in the better dispersion of silica particles. 
 
Apart from pyrogenic silica in glassy and rubbery epoxy, the mechanical reinforcement 
of other sub-micro filler and matrix systems has not been reported. As a consequence, 
research into mechanical enhancement of sub-micro polymer composites is still limited 
and relatively new. In this research, sub-micro N6 and PP composites are developed 
based on single and multi-layer structured sub-micro fillers. The mechanical 
performance, thermal mechanical properties, rheology and crystallisation behaviour of 
composites produced are investigated systematically. The modelling of 350nm silica 
flakes/N6 composites is conducted in order to predict the potential of sub-micro 
composite enhancement. In addition, the relationships between property and structure as 
well as property and processing are explored in order to produce sub-micro composites 
with high mechanical performance. 
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3 Experimental methods 
This chapter describes materials used, the methods for composite processing and 
relevant characterisation techniques used for an investigation of the properties, structure 
and morphology of both fillers and composites. Section 3.1 provides the details of 
materials studied. The preparation and surface area characterisation of sub-micro 
graphite are described in Sections 3.2 and 3.3. Section 3.4 describes the X-ray 
diffraction, scanning and transmission electron microscopy which were used to 
investigate the sub-micro and nano structures of composites. Section 3.5 provides a 
detailed description of the synthesis of sub-micro composites by melt blending and 
solution methods. The details of tensile modulus, strength, impact fracture and dynamic 
thermal mechanical analysis are explained in Sections 3.6 and 3.7. Methodologies for 
the characterisation of filler dispersion, crystallisation behaviour and rheology of 
composites are in Sections 3.8 to 3.10. Section 3.11 provides electrical conductivity 
measurement of sub-micro graphite composites.  
 
3.1 Materials studied 
In this research, two types of polymer were used as matrices to investigate the structure 
and properties of sub-micro reinforcement. They are Polypropylene (PP) and Nylon 6 
(N6). The PP used is Marlex@ HGN-020-05 homopolymer supplied by Philips. It has a 
melt flow rate of 2.1g/10min at 230 oC, density of 0.906 g/cm3 and melting range 
between 180 and 230 oC. The commercial name of the N6 is Ultramid B3 and it was 
supplied by BASF. N6 has a low zero shear viscosity of 320 Pa·s at 235 oC. Its melting 
point is 220 oC and density is 1.13 g/cm3. 
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Maleic anhydride grafted polypropylene, Epolene E43, was used as a compatiliser for 
the polypropylene application. It was purchased from Eastman and has a melting point 
of 157 oC. The content of maleic anhydride in E43 is 3.7wt%. 
 
The nano reinforcing materials used for this study are four boehmite products, clay 93a 
and carbon nanofibres. Two types of sub-micro reinforcements with different structures 
were evaluated. One of them is single-layered silica flakes with different thickness 
while the other is multi-layered expanded graphite synthesised from expandable 
graphite. 
 
Table 3 gives carbon and sulphur content as well as particle size of the graphite flakes, 
expandable graphite and carbon nanofibres used in this study. The graphite flakes are 
supplied by Aldrich. ES350, ES120 and ES100 represent different grades of expandable 
graphite supplied by Branwell. The diameter of the carbon nanofibres (Pyrograf III) is 
in the range from 50 to 180nm which is partially in the sub-micro scale. Pyrograf III 
was donated by Wright Patterson AFB, USA. 
 
Table 3: The purity and particle size of graphite and nanofibres used 
 
 Graphite flakes 
Nanofibre 
Pyrograph III 
ES350 ES120 ES100 
Carbon % >98.5 >80 Co~0.01% >88 >85 >85 
Sulphur % – – < 0.2 < 1.0 <1.0 
Particle size 75%<75mesh D: 50-180nm 350-900µm 50-380µm 50-300µm 
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Boehmites are alumina hydrous oxide which contain AlO(OH) structure. Table 4 shows 
some physical properties of the boehmites studied, including the content of major 
components, particle size and surface area. The data were provided by the supplier. As 
can be seen, MG61HT contains a large fraction of magnesium oxide. 
 
Table 4: The composition, particle size and surface area of the boehmites used 
 MG61HT Dispersal 40 Dispersal 80 Dispersal OS1 
Abbreviation MG61HT D 40 D 80 D-OS 1 
Al2O3 % 38.4 82.4 83.7 69.2 
MgO % 61.6 – – – 
Particle size at 50% 5.29µm <45µm <90µm >90µm 
Surface area m2/g – 102 96 265 
Supplier Sosal Co. Germany 
 
The silica flakes are made from E-glass containing SiO2 of 64-70%, Na2O of 12-13%, 
Al2O3 of 3-6% as well as minor amount of MgO, CaO, ZnO, K2O and TiO2. The five 
types of silica flakes studied are abbreviated as SF I-V. The main physical properties of 
the flakes are shown in Table 5. 
 
SF I and SF II are surface untreated flakes. The flakes have thickness of 850nm and 
350nm respectively. SF III, IV and V are 350nm thick with different surface coatings. 
SF III is surface-coated with 1.43wt% 3-aminopropyl triethoxysilane. SF IV and V are 
surface-modified by 1.39wt% vinyl trimethoxysilane and 1.67wt% γ-glycid oxypropyl 
trimethoxysilane, respectively. All five silica flakes have the same diameter distribution 
of 50 to 150 µm and are supplied by Glass Flake Ltd. UK. 
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Table 5: The thickness, diameter distribution and surface modification of silica flakes 
 
 
Chemicals used were ordered from Aldrich. These included concentrated sulphuric acid 
(H2SO4, 98%) and concentrated nitric acid (HNO3, 60-63%). 
 
3.2 Preparation of expandable graphite 
In order to synthese expandable graphite, a mixture of concentrated sulphuric and nitric 
acid was cooled to below 20oC. Different ratios of the acids were used. Ten grams of 
graphite flakes were added to the acid solution during vigorous stir. Reaction time was 
varied between 2 and 24 hours and reaction temperatures between 20 and 60 oC to 
optimise experimental conditions. The resulting product was filtered, washed with water 
until the pH value of the solution was 5-6 and dried at 90 oC for 16 hours. 
 
 SF-I SF-II SF-III SF-IV SF-V 
Thickness nm 850 350 350 350 350 
Particle diameter 
µm 
50-150 50-150 50-150 50-150 50-150 
Coupling agent – – 
3-aminopropyl 
triethoxysilane 
vinyl trimeth 
oxysilane 
γ-glycid oxypropyl 
trimeth oxysilane 
Content of the 
coupling agent, 
wt% 
– – 1.43 1.39 1.67 
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3.3 Characterisation of surface area of graphite flakes and 
expanded graphite 
The Brunner-Emmett-Teller (BET) surface area of graphite flakes and expanded 
graphite were measured using a quantachrome apparatus with nitrogen as the adsorbate 
gas and helium as the carrier gas. The sample was degassed at 110-120 oC for 30min 
before being measured. 
 
3.4 The characterisation of sub-micro and nano structure 
The techniques used for the characterisation of sub-micro structures included X-ray 
diffraction, scanning and transmission electron microscopy. 
 
3.4.1 X-ray diffraction analysis 
X-ray diffraction analysis was used to characterise the crystal structure of sub-micro 
fillers and composites. Measurements were carried out using an X’Pert X-Ray 
diffractometer with a copper radiation source. Operating conditions used during each 
test were 40 kV volts, 35 mA current and 1o to 90o scanning angle range with a step size 
of 0.0167. 
 
Prior to XRD testing, flaky or powder samples were compressed into dense plates that 
fit into the XRD sample holder. For polymer-based samples, a SATRA micro injection-
moulding machine was used to produce square plates with dimensions 
15mm×15mm×1mm. Polymer pellets were dried in a vacuum oven at 120 oC for 4-6 
hours before the injection moulding. 
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3.4.2 Scanning and transmission electron microscopy 
The microstructure and morphology of materials studied were investigated using 
scanning and transmission electron microscopes (SEM, TEM). Particle size and size 
distribution of fillers were also measured using these techniques. Before measuring, 
samples were gold coated for two and half minutes using a vacuum coating apparatus. 
 
3.5 The preparation of sub-micro filler enhanced polymer 
composites 
Melt blending was used to prepare all samples investigated in this research, apart from 
conductive composites which were synthesised via a solution method. 
 
3.5.1 The melt blending method 
The filler and matrix polymer were dried under vacuum at 120oC for 4-6 hours. Dried 
filler and polymer were pre-blended using a plastic bag before extrusion. The extrusion 
was carried out using a PRISM EUROLAB 16mm twin screw extruder with two feed 
ports, nine heating zones and a die. Extruded samples were cooled in a water bath and 
chopped into 2.5mm pellets using a pelletiser. 
 
The feeding rate and screw speed applied were 15-20% and 300-400 rpm respectively, 
depending on the material system used. Processing temperature applied was 225°C for 
PP composites and 235 °C for N6 composites. The temperature in each heating zone of 
the extruder was identical. 
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3.5.2 The solution method to produce sub-micro 
graphite/polypropylene conductive composites 
In the solution synthesis of graphite/polypropylene composites, xylene was used as a 
solvent. Maleic anhydride grafted polypropylene, Epolene E43, was employed as a 
compatiliser when graphite/E43/PP composites were being produced. 
 
During synthesis, 70ml of xylene was added to a three necked flask containing 10 grams 
of polypropylene or a mixture of polypropylene and Epolene E43. Expanded graphite, 
whose quantity was determined by its content in the composite, was soaked in 20ml 
xylene in a glass beaker. The mixture of solvent and polymer was then heated to 140 
°C. After the polymer had completely dissolved, the soaked graphite solution was 
added. Two hours later, after reducing the temperature to 120 °C, 25ml of acetone were 
dropped into the flask in order to precipitate the resulting composite. The resulting 
composite was then filtered and dried for 16 hours under vacuum at room temperature. 
 
3.6 Mechanical properties of polymer and their composites 
The mechanical properties of polymers and composites measured in this research 
include the tensile modulus, tensile strength and impact fracture. 
 
3.6.1 Tensile loading test 
Tensile tests were carried out using an RDP Howden servo-mechanical tensile test 
machine according to ASTMD638. During testing, sample strains were measured by 
means of a Messphysik video extensometer. Test specimens were dog bone in shape 
with dimensions 30×10×3mm. The specimens were manufactured using a SATRA 
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micro injection-moulding machine and were gated from top. The mould was non-heated 
and 60 seconds to dismantle. During testing, the strain rate applied was 10-2 s-1 for all 
samples. Three to five specimens were tested for each sample. Results were averaged 
and standard deviation was used to express the error of measurement. 
 
3.6.2 Impact fracture analysis 
Impact fracture measurements were carried out at room temperature using an Instron 
Impact instrument according to the standard ISO R180-1991 [176]. A three-point 
bending technique with 40mm span was used. A crosshead rate of 1 m/s and a crack 
time in the range of 5-7 ms were applied during testing. The length of crack developed 
in each specimen was measured using a microscope. 
 
Specimens used for analysis were in the form of beams with dimensions 50x10x3 mm. 
All specimens were prepared in the following way: 
 
Using a saw, a sharp notch of depth 4.5mm was created in the middle of each beam. 
A natural crack was then generated by tapping a razor blade into the bottom of the 
notch. 
Cracks made by the razor blade were observed, by means of a microscope, in order to 
ensure they were approximately 0.5mm in depth. 
 
Fracture toughness was expressed by means of critical stress intensity (Kc). As before, 
five to ten measurements were taken from each sample to obtain an average. 
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3.7 Dynamic mechanical analysis 
Dynamic Mechanical Analysis (DMA) was carried out using a ‘Rheometrics Test 
Station’ in the condition of a dynamic temperature ramp and strain controlled three-
point bending. A constant initial static force of 2.0N and 1 Hz frequency were applied. 
The temperature range was -10 to 160 °C and the ramp rate was 2 °C/min. Nitrogen was 
used as environmental agent below 50 °C, and air above 50 °C. The dimensions of the 
beams for DMA test were 50×10×3 ± 0.3 mm. The transition temperatures of the 
polymers were obtained according to the plot of tanδ versus temperature. 
 
The thermal deflection temperature of the pure polymer and composites was obtained 
from the graph of modulus versus temperature according to a data analysis method 
adopted from the ASTM International Standard D 648 and DMA Q800. The adoption 
was made in the following way: 
 
Heat Deflection Temperature (HDT) is defined as the temperature at which a test bar 
reaches a deflection of 0.25mm under a stress of 1820 KPa or 455 KPa, applied at the 
centre of the bar. According to D 648, the dimensions of a standard sample should be 
127mm in length, 13mm in thickness and 3-13mm in width. The length of span between 
two supports needs to be approximately 0.1m. Under a three-point bending geometry, 
deflection D can be expressed with the formula D = εL2 / 6h, where ε, L and h represent 
strain, length of span and thickness of the testing specimen. Thus ε = 6hD / L2. Because 
elastic modulus E= σ/ε, providing the stress (σ) is 1820 MPa, then, 
E=1820×106 / (6hD/ L2) 
=1820×106 / (6×13×10-3×0.25×10-3/ (0.1)2) = 0.9333×109 Pa = 0.9333 GPa. 
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Thus, HDT is equivalent to the temperature where storage modulus has a value of 0.933 
GPa. 
 
3.8 Characterisation of the dispersion structure of 
reinforcements in composites 
The quality of dispersion of fillers in composites were characterised by reflectance 
microscopy using a Leiz optical microscope. Specimens were cut from the cross-section 
of 50×10×3mm composite beams and mounted using Acryfix 2. Each specimen was 
polished with 6 then 3-micro alumina using a Buehler Powerpro 3000 grinder/polisher. 
 
3.9 Characterisation of the crystallisation behaviour of the 
composites 
Differential scanning calorimetric analysis and Polarised microscopy were applied to 
characterise the crystallinity and crystallisation behaviour of composites. 
 
3.9.1 Differential scanning calorimetric analysis 
Differential Scanning Calorimetric (DSC) Analysis was carried out using a Perkin-
Elmer differential scanning calorimeter. About 10 mg of sample were exactly weighted 
into an aluminium autosampler pan and sealed by compressing a cover on top. This was 
then placed into the sample chamber of the calorimeter. A second sealed empty pan was 
put into the reference chamber. Temperature ranges of 0 to 270 °C for nylon composites 
and 0 to 250 °C for polypropylene composites were applied. In order to eliminate the 
thermal history of the specimens, a two-cycle procedure of heat-hold-cool followed by 
heat-cool was applied. In the first cycle the temperature ramp used was 50 °C/min for 
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heating and 10 °C/min for cooling. The temperature holding time employed was five 
minutes. A heating rate of 10 °C/min and a cooling rate of 50 °C/min were applied for 
the second cycle. Measurements were performed in a nitrogen atmosphere. The data 
obtained at temperature ramp 10 °C/min were used to evaluate the melting and 
crystallisation behaviour of the materials studied. The crystallinity, X%, was calculated 
from the ratio of melt enthalpy of the sample, ∆Hm and crystallisation enthalpy of 100% 
crystalline polymer, 0cH∆ , using the equation ( ) 01% c
m
Hf
HX ∆−
∆=  where f is filler 
content of the composite. The crystallisation enthalpy of 100% crystalline polymer was 
taken as 190 J/g for N6 and 210 J/g for polypropylene [178]-[180]. 
 
3.9.2 Polarised microscopy with hot stage 
The crystallisation process and crystal size of sub-micro composites were investigated 
by means of a polarised microscope with a HMTS 600 hot stage and video camera. An 
11×0.7 mm round slide cover was put in the silica crucible of the hot stage. A tiny piece 
of sample was put on the cover and the sample was heated until it melted at a ramp of 
20 °C/min. The melt was then spread into a thin film by pressing another slide cover on 
top. The sample was held in the molten state for 3 minutes followed by cooling at 20 
°C/min and then 2 °C/min when close to crystallisation temperature of the material. 
Crystallisation images were recorded approximately every 5 seconds once the first 
crystals started to appear. Crystal size was measured using imaging analysis. Fifty 
spherulites were measured in order to obtain the average size of each sample. 
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3.10 The rheological characterisation of the composites 
Rheological properties were characterised using a Rosand RH7 twin-bore extrusion 
capillary rheometer made by Malvern Instruments Ltd. Tests were performed using a 
test sequence of 7 stages with shear rates of 3000, 2250, 1500, 750, 300, 150 and 60 s-1. 
In order to remove air from the samples and to allow the samples to reach thermal 
equilibrium, a four-stage pre-test sequence was applied. The sequence consisted of an 
initial compression and pre-heat, followed by a second compression and pre-heat. The 
capillary die used is 16mm in length, 1mm in diameter and has an entry angle of 180°. 
The orifice die used has a length of 0.25mm, a diameter of 1mm and an entry angle of 
180°. The test temperature used was 225 °C for polypropylene and its composites, 235 
°C for N6 and its composites. Shear stress was corrected using Bagley correction 
combined with Cogswell convergent flow model. Each test was repeated twice to check 
reproducibility. 
 
3.11 Electrical conductivity measurement of sub-micro graphite 
polypropylene composites 
The electrical conductivity of sub-micro graphite/PP composites was tested using an 
Autobalance Universal Bridge B642 with an accuracy of 0.1% in measurement range. 
Measurements were carried out based on the ASTM D257 method. Figure 9 shows the 
experimental setup for volume conductivity measurement of the composites. The 
electrodes employed for testing were 10×10mm squares of self-adhesive copper tape. 
The test specimen was a 50×10×1.5mm film, cut from a plate moulded by means of hot 
compression of composite pellets. The volume conductivity is calculated using the 
equations 2××=
A
TR vv ρ  and 
v
v ρσ
1= , where ρv and σv represent volume resistivity 
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and conductivity. Rv is volume resistance of material, T, thickness of specimen, A, area 
of electrode. The results obtained were averaged from three tests for each sample. 
 
 
 
Figure 9: Schematic illustration of volume conductivity measurement 
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4 Prediction of Young’s modulus and strength of N6 
composites reinforced by sub-micro silica flakes  
In order to predict the potential of sub-micro reinforcement, the modelling of Young’s 
modulus and strength are conducted based on 350nm silica flakes and N6. In many 
aspects, the reinforcing structure of sub-micro silica flake/N6 composites can be 
considered similar to that of short fibre composites although they are in different 
reinforcement size regions. Theories and methods used for the modelling of short fibre 
composites were thus applied to investigate Young’s modulus and strength of the sub-
micro composites in this research. Modulus and strength prediction models of fibre 
composites are briefly reviewed in Section 4.1. Numerical aspects and the modelling of 
sub-micro reinforcement are given in Sections 4.2 and 4.3. 
 
4.1 Theories of composite mechanical properties prediction 
Rule of Mixtrues, Halpin-Tsai and Shear Lag models are introduced for modulus 
pridection. Rule of Mixtures and a Modified Rule of Mixtures based on Shear Lag 
analysis are introduced for strength prediction. 
 
4.1.1 Theories of modulus prediction  
Many models have been developed to predict the elastic modulus and strength of short 
fibre composites since 1950s. These include the Rule of Mixtures, dilute Eshelby, Mori-
Tanaka, Shear Lag, Halpin-Tsai, [129], [130], [181], [182] and their variations [183]-
[185]. Amongst them, the Rule of Mixtures is the simplest model. The Shear Lag model 
is popular for longitudinal modulus prediction of unidirectional composites and others 
are used to predict the overall moduli of fibre composites. These models are also 
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applied in the prediction of mechanical properties of nanocomposites. [186]-[188]. 
Similar to their application in fibre composites, the Mori-Tanaka and Halpin-Tsai 
models are used for the overall elastic property prediction of nanocomposites. Shear 
Lag analysis is only used for axial modulus calculation of nanocomposites.  
 
As the Rule of Mixtures, Halpin-Tsai and Shear Lag are three models in the simplest 
algebraic form for elastic modulus prediction, they were selected to predict the Young’s 
modulus of sub-micro composites. 
 
4.1.1.1 The Rule of Mixtures 
The Rule of Mixtures model [5] considers a composite as a bi-component material 
where fibres are aligned in the same direction as shown in Figure 10. It is assumed that 
the relative thickness of fibre and matrix is in proportion to their volume. Both 
components exhibit the same strain response to the stress. 
 
 
Figure 10: A schematic illustration of a unidirectional composite [5] 
 
The modulus of a composite in the fibre direction, i.e. longitudinal modulus can be 
expressed as: 
( ) fm fEEfE +−= 11  Equation 1 
2
3
1
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The transverse modulus of a fibre composite can be expressed as  
1
2
1
−



 +−=
fm E
f
E
fE         Equation 2 
Where f is the fibre volume fraction. Subscripts m and f represent the matrix and fibre 
respectively, Ef is the fibre stiffness in the axial direction and Em is modulus of the 
matrix. In addition, (1-f )Em and fEm represent the contributions to the elastic property of 
the composites by the matrix and fibres, respectively. 
 
According to Equation 1, the longitudinal modulus of a composite is a function of fibre 
volume fraction only. The length and aspect ratio of fibres are not considered in this 
model. Therefore, the Rule of Mixtures is valid only if fibres are long enough and 
assumed to demonstrate equal strain to the matrix. In the Young’s modulus prediction 
of fibre composites, Equation 1 is taken as a higher boundary. Due to the consideration 
of that all fibre aligns in transverse direction, Equation 2 underestimates the Young’s 
modulus and is treated as a lower boundary for fibre composites [5]. In this section, 
only Equation 1 is applied to predict the modulus of sub-micro composites. 
 
4.1.1.2 The Halpin-Tsai models 
The Halpin-Tsai models were originally developed to compensate the strain 
magnification for the prediction of transverse modulus of fibre composites, which is 
neglected in the Rule of Mixtures, by introducing the geometric factor ξ into the models. 
The only assumption made in giving various values for ξ is that the modulus 
expressions for the composite are insensitive to the differences in Poisson ratios of fibre 
and matrix. The general Halpin-Tsai equation for short fibre composites is expressed as: 
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f
f
P
P
m η
ξη
−
+=
1
1          Equation 3 
with 
ξ
η
+
−
=
m
f
m
f
P
P
P
P
1
        Equation 4 
Where P, Pm and Pf represent general properties of the composite, matrix and fibre. f is 
the volume fraction of fibres. Parameter ξ depends on the Poisson ratio of the matrix 
and the composite property. With geometric factor ξ in different expression, Halpin-
Tsai models can be applied to predict not only elastic modulus but also transverse and 
shear moduli. For elastic modulus, P represents E and ξ is the aspect ratio of fibre 
multiplied by two i.e. 


d
l2 . The Halpin-Tsai equation for calculating tensile modulus 
of a composite can then be expressed as Equations 5 and 6, if 


d
l  is represented by s. 
f
fs
E
E
m η
η
−
+=
1
21         Equation 5 
with 
s
E
E
E
E
m
f
m
f
2
1
+
−
=η         Equation 6 
According to Equations 5 and 6, the Halpin-Tsai model indicates that the elastic 
modulus of an aligned composite is a function of fibre fraction and aspect ratio. 
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4.1.1.3 Shear Lag analysis 
Shear Lag analysis is most widely used for describing the effect of loading in aligned 
short fibre composites and was originally developed by Cox in 1950s. In Shear Lag 
analysis, a composite is considered to be a fibre with length l and radius r embedded in 
a matrix, as shown in Figure 11. The tensile stress is transferred from the matrix to fibre 
by means of interfacial shear stress [5], [68]. The interfacial shear stress and tensile 
strength in the fibre vary along the fibre. It is also assumed that the interfacial shear 
stress is proportional to the difference in displacement of the matrix in x-direction 
which is the fibre direction and there is no stress being transferred across the end faces 
of a fibre, i.e. σf = 0 at x = 0 and x = l. 
 
Figure 11: Schematic illustration of the fibre and matrix used in Shear Lag analysis [68]   
 
 
For a fibre hexagonally arranged composite, the Shear Lag model is expressed as [5]: 
( ) mf Efs
sfEE −+


⋅
⋅−= 1tanh1 β
β       Equation 7 
Fibre  
x 
R
r
x = 1 x = 0 
Matrix 
Stress direction  
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Where ( ) ( )
2
1
/1ln1
2




+= fE
E
mf
m
νβ , vm is the Poisson ratio of matrix. 



⋅
⋅−
s
s
β
βtanh1  represents the effect of fibre aspect ratio on composite properties, if this 
is represented by sη  Equation 7 can also be expressed as: 
( ) mfs EffEE −+= 1η        Equation 8 
 
Providing the influence of fibre orientation, oη , is considered in the model, the Shear 
Lag model for elastic modulus prediction of short composites can be expressed as: 
( ) mfso EffEE −+= 1ηη        Equation 9 
Both Equations 8 and 9 were used to compare the effects of filler orientation on 
modulus of sub-micro SF/N6 composites. Equation 8 is referred to Shear Lag I while 
Equation 9 is referred to Shear Lag II in later sections. 
 
4.1.2 Theories for strength prediction 
Models for strength prediction of composites are essentially the Rule of Mixtures and its 
variations in which the orientation and length distributions of fillers are considered. 
Sub-micro filler enhanced polymer composites involve both orientation and length 
distribution of fillers. Thus a modified Rule of Mixtures [68] is used to predict the 
strength of sub-micro SF/N6 composites and compared to the value from the Rule of 
Mixtures. The Rule of Mixtures for tensile strength is expressed as: 
( ) fm ff σσσ +−= 11        Equation 10 
Where f is the fibre volume fraction, subscripts m and f represent the matrix and fibre 
respectively, σf and σm are failure strength of the fibre and matrix respectively. 
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( ) mf σ−1  represents the contribution from the matrix and ffσ  is the strength 
contribution from the fibres. 
 
The modified Rule of Mixtures for predicting the axial strength of a composite with 
efficiency factor of fibre orientation can be expressed as: 
( ) mfo ff σσησ −+= 11        Equation 11 
 
When the distributions of fibre length/aspect ratio are concerned, uneven stress along 
the fibres has to be considered. This requires replacing fσ  with average fibre stress, 
f
_σ  in Equation 10, thus, 
( ) mf ff σσσ −+= 1_1        Equation 12 
According to Cox analysis, for ductile matrices and large composite strains, average 
fibre stress f
_σ can be given by: 
f
c
f l
l σσ 

 −=
2
1
_
, for l > lc       Equation 13 
where cl  is known as the fibre critical length and can be calculated using the formula 
u
f
c
d
l τ
σ
2
= , where d is the fibre diameter. τu represents the ultimate shear stress at the 
interface of fibres with matrices or the ultimate shear stress of the matrix. The axial 
strength of composites is then given by: 
( ) mfc ffl
l σσσ −+

 −= 1
2
11       Equation 14 
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When fibre length is shorter than cl , the maximum fibre stress is determined by fibre 
length, fibre diameter and the ultimate interface shear stress or ultimate shear stress of 
the matrix, i.e. 
d
lu ⋅= τσ 2max . The average fibre stress is half of the maximum. 
Therefore, 
s
d
l
u
u
f ⋅=⋅= ττσ_ , for l < lc        Equation 15 
For composites containing fibres with both sub-critical length and super-critical length, 
Equation 14 is combined with Equation 15. The strength of composites is then given by: 
( ) m
i j
c
j
j
fiiu ffl
ls συσυτσ −+⋅







 −+⋅⋅= ∑ ∑ 1211    Equation 16 
Where iυ  represents the volume percentage of the sub-critical fibre with an aspect ratio 
of is . jυ  is the volume percentage of the super-critical fibre with a length of jl . Adding 
the fibre orientation factor into Equation 16, the modified Rule of Mixtures strength 
model is expressed as: 
( ) m
i j
c
j
j
fiiuo ffl
ls συσυτησ −+⋅







 −+⋅⋅= ∑ ∑ 1211    Equation 17 
 
According to the modified Rule of Mixtures, axial strength of short fibre composites is 
determined by fibre content and fibre length distribution when fibre length is longer 
than the critical length. Fibre aspect ratio rather than length, however, becomes crucial 
when fibre is shorter than the critical length. 
 
In sub-micro composite applications, Equation 10 is the expression for Rule of Mixtures 
and is taken as the higher boundary model for strength prediction. Equation 16 is the 
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modified Rule of Mixtures not considering filler orientation while Equation 17 is the 
modified Rule of Mixtures inclusive of the orientation efficiency factor. The model 
exclusive of the orientation efficiency factor is referred to Model I while the model 
inclusive of the orientation efficiency factor is referred to Model II in later sections. 
 
4.2 Numerical aspects 
Numerical aspects of this modelling study include the length of silica flakes, length 
distribution of silica flakes and orientation of flakes in composites. These details are 
discussed in the following sub-sections. 
 
4.2.1 Length of flakes 
According to SEM images, the silica flakes used in this study consisted of different 
shape particles including rectangular, triangular and disc-like as illustrated in Figure 12. 
 
 
Figure 12: The shapes of silica flakes 
 
To simplify calculations, two similar-sized triangle flakes are treated as one rectangle. 
All flakes were assumed to be aligned along their longest edges in the injection flow 
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direction. The length of flakes therefore can be taken as that of the longer side, a. The 
aspect ratio of flakes was defined as ( )ta , where t represents the thickness of silica 
flakes. For 350nm silica flakes, t is 350 nm. 
 
4.2.2 Length distribution 
The length distribution of fillers can be determined by number, weight or volume-based 
methods. In the literature [181]-[188], the length distribution of fillers is obtained either 
by number or weight-based method. The number-based length distribution, however, 
usually gives lower values of predicted elastic properties of composites than the weight-
based length distribution [5]. SEM imaging is a simple and direct method to measure 
the length of materials which usually gives number-based length distributions. Because 
silica flakes have simple single-layered structure with simple shapes and consistent 
thickness, the volume of individual flakes is calculable. As a result of this, volume-
based length distributions can be obtained via SEM images. The volume-based length 
distribution should be the most suitable method for the prediction of composite elastic 
properties because all model analysis is based on the volume fraction of fillers. 
 
Furthermore, in order to avoid the complexity caused by the different shapes of flakes 
during the calculation of length distribution, the equivalent diameter of a rectangle is 
introduced and calculated using  
( ) ( ) 25.0625.0 /30.1 baabD +=  [189]      Equation 18 
Where a represents the length of the longer side of a rectangle and b represents the 
shorter edge. The volume fraction of flakes with a length of ai is then given by: 
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where ni is the number of flakes with length ai. nj is the number of flakes with length aj,  
j = 1, 2, 3… and ji∈ . 
 
A hundred flakes were counted and measured by means of SEM imaging analysis. The 
volume-based length distribution of flakes is shown in Figure 13. The results show that 
the length range of 350nm silica flakes is 23 to 280 µm. Over 85vol% of the 350nm SF 
was found to be in the size range of 110 to 200 µm. The average length and aspect ratio 
of 350nm silica flakes was found to be 166.2 µm and 475 µm, respectively. 
 
 
Figure 13: Length distribution of 350nm SF 
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4.2.3 The orientation of silica flakes in N6 composites 
Similar to short fibre composites, injection moulded silica flake composites are partially 
orientated. The flake orientation in injection flow direction thus has to be investigated in 
order to predict Young’s modulus and strength of sub-micro composites. A multi-layer 
analysis method adopted from [60] is applied to obtain the average orientation factor. 
The specimen was cut ten times evenly along its width resulting in eleven layers as 
shown in Figure 14. Following polish, acid etching and gold coating of the layers, six 
SEM-images were taken through the thickness of each layer at each of five regions. 
Five regions are evenly distributed along shaft length. A total of three hundred and 
thirty images were captured, six of which are shown in Figure 15 in order to illustrate 
the orientation structure of flakes in different sections. 
 
 
 
Figure 14: The scheme of image acquisition pattern  
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According to Figure 15, the injection moulded specimen of SF composites comprise of 
skin and core structures. In the skin area, flakes aligned more or less along the injection 
flow direction. By contrast, flakes are orientated randomly in the core area. When 
comparing Figure 15 with Figure 20b, the lengths of flakes in composites are far smaller 
than that of the original before extrusion. This is a clear indication of flake breakage 
during processing. The breakage of flakes generated large amounts of disc shaped 
particles with approximately equivalent length and width. In the central core section of 
test specimens these particles non-dimensionly aligned as seen in Figure 15d. 
 
In order to analyse the alignment angle of flakes an image processing application was 
developed. The software is based on automated segmentation and bisection of flakes 
within an image. Orientation of a flake (θi) is determined by calculating the angle 
between flow direction and the longest bisector of a flake. In the event that the ratio of a 
flake length to width is between 0.95 and 1.05, the flake is considered as being at zero 
angle alignment. Flake orientation efficiency factor ( oη ) is then calculated according to 
Equation 20. Before utilization, the software was proven reliable through testing five 
SEM-images and then comparing computed orientation factors with the results 
manually calculated based on the same images. 
 
i
i
io c θη 4cos∑=  with 1=∑
i
ic ,      Equation 20 
where ci means the fraction of flakes aligned at angle θi. 
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Figure 15: Schematic orientation of 350nm silica flakes in N6 composites 
b. Skin-core junction of cross-section 
e. Core area of edge-section (layer 1), injecting flow direction   → 
5 µm 
2 µm 
a. Skin area of cross-section 
c. Core area of cross-section 
d. Core area of centre-section (layer 6), injecting flow direction   → 
5 µm 
5 µm 
5 µm 
5 µm 
f. Skin area of edge-section, injecting flow direction   → 
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Figure 16: Orientation efficiency factors of eleven layers at five regions (A-E)  
 
 
For each layer of a region, the flake orientation efficiency factor was averaged over all 
six images. The results of five regions, each containing eleven layers, are shown in 
Figure 16. According to the figure, the orientation efficiency factor of central layers 
(layers 5 to 7) is 0.683 to 0.78 while the edge layers (layers 1 to 4 and 8 to 11) have a 
factor range of 0.82 to 0.934. The relatively high orientation efficiency factors of centre 
layers are probably due to the non-dimensional alignment of small broken particles with 
equivalent length and width in the cores of centre section. Finally, the mean of fifty-five 
factors was calculated, a value of 0.836, and used for the prediction of Young’s 
modulus and tensile strength. 
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4.3 Model prediction of the Young’s modulus and strength of 
350nm silica flake/N6 composites 
The Young’s modulus of 350nm SF/N6 sub-micro composites was predicted using the 
Rule of Mixtures (Equation 1), Halpin-Tsai (Equations 5 and 6) and Shear Lag model I 
and II (Equations 8 and 9). The prediction of tensile strength was carried out using the 
Rule of Mixtures (Equation 10) and modified Rule of Mixtures I and II (Equations 16 
and 17). Physical parameters of the silica flake and N6 used to predict the Young’s 
modulus and axial strength of SF/N6 composites are summarised in Table 6. In order to 
predict the potential of sub-micro flake in mechanical reinforcement, the original length 
distribution and aspect ratio flakes are used in this section. The calculated results are 
shown in Figures 17 and 18. 
 
Table 6: The physical parameters of silica flakes and N6 for predicting the Young’s 
modulus and strength of the composites 
 
Young’s 
modulus, E  
GPa 
Tensile 
strength, σ  
MPa 
Ultimate 
Shear stress, 
uτ , MPa 
Poisson 
ratio, 
υ  
Density, 
g/cm3 
Aspect 
ratio, s 
Orientation 
efficiency 
factor, oη  
350nm 
silica 
flakes 
76 2,000 – – 2.6 475 0.836 
 
N6 
 
1.91 44.2 44.2 0.3 1.13 – – 
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Figure 17: Dependence of the predicted longitudinal modulus of 350nm SF/N6 composites 
on silica flake content based on flake aspect ratio of 475 and average length of 166.2µm 
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Figure 18: Dependence of predicted longitudinal strength of 350nm SF/N6 composites on 
flake content based on flake aspect ratio of 475 and average length of 166.2µm 
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Figures 17 and 18 show that the predicted Young’s modulus and strength for all models 
increases with the flake content. There is little difference between the results calculated 
from all models when flake content is below 5wt%, and then the difference starts to be 
visible. The degree of this difference increases with flake fraction. At any filler content, 
the Rule of Mixtures gives the highest modulus value followed by Shear Lag model I 
and then the Halpin-Tsai model. Because the effects of both aspect ratio and orientation 
factor were included in the calculation, the Shear Lag model II gives the lowest values. 
For example, at 10wt% flake content, the calculated modulus from the Rule of 
Mixtures, Shear Lag model I, Halpin-Tsai and Shear Lag model II are 5.32, 5.26, 5.19, 
4.79 GPa, respectively. There is 0.06 - 0.4 GPa difference between the adjacent two and 
0.53 GPa different between the highest and lowest value. The calculated modulus of the 
composite from the Rule of Mixtures, Halpin-Tsai and Shear Lag model is 13.5, 13.36, 
13.16, 11.75 GPa, respectively, with 30wt% flake content. This gives 0.14 – 1.41 GPa 
difference between the adjacent results and a 1.75 GPa difference between the highest 
and lowest value. 
 
Similarly, the Rule of Mixtures gives higher strength than the modified Rule of 
Mixtures. For 5 and 30wt% flake reinforced composites, the calculated values from the 
Rule of Mixtures are 1.36% and 2.4% higher than those from modified Rule of Mixture 
I as well as 8.8% and 16.6% higher than those from the modified Rule of Mixtures II. 
Such results indicate that the higher the filler loading a composite has, the more 
significant the length distribution and orientation of fillers affect the strength of sub-
micro composites. 
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Although the differences exist, the results calculated from orientation factor exclusive 
models are close to the Rule of Mixtures. Young’s modulus and tensile strength 
calculated from orientation inclusive models, in contrast, are 7.9% to 15.2% and 8.8% 
to 16.6% lower than those calculated using the Rule of Mixtures in the range of flake 
content 5 – 30wt%. This is a clear indication that flake orientation has a major influence 
on the mechanical performance of sub-micro SF composites when flakes are long 
enough to allow of an effective stress transfer from matrix to flakes. 
 
It is well known that calculated modulus and strength based on the Rule of mixtures are 
highly precise if fibres are long enough and well-aligned which virtually represents the 
case of long fibre reinforced unidirectional composites. Sub-micro filler reinforced 
polymer composites can therefore potentially achieve around eighty percent the 
longitudinal mechanical properties of unidirectional long fibre composites at 30wt% 
flake content. 
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5 Experimental results and discussion 
In order to achieve the aims of this project, candidates for sub-micro composite 
application were identified. Silica flakes were selected as single-layered sub-micro 
fillers while expanded graphites (EG) were synthesised as multi-layered fillers for sub-
micro composite enhancement. In this chapter, the experimental results of tensile 
modulus and strength of silica flake/N6 composites are presented in Section 5.2. Based 
on N6, a comparison of mechanical properties amongst glass fibre microcomposites, 
clay nanocomposite and silica flake sub-micro composites is outlined in Section 5.3. In 
Sections 5.3-5.8, investigations into key factors for mechanical reinforcement, rheology, 
crystallisation, impact toughness and dynamic thermal mechanical properties of silica 
flake composites are presented. The synthesis of expanded graphite, graphite structure 
in polypropylene and the mechanical properties of expanded graphite/PP composites are 
discussed in Sections 5.9 and 5.10 respectively. In Section 5.11, the rheology and 
crystallisation behaviours of EG/PP composites are explored. Finally, the relationship 
between the conductivity of EG/PP composites and the structure of expanded graphite 
in PP are investigated in Section 5.12. 
 
5.1 The identification of fillers as the candidates for sub-micro 
composite application 
In this section, potential reinforcing fillers for sub-micro composite application are 
examined. The materials investigated include graphite, nano-fibres (Pyrograf III), four 
boehmites (dispersal 40, 80, OS 1 and MG61HT), two types of silica flakes (SF I and 
SF II) expanded graphite and individual graphite sheets. Their structure and surface 
properties were investigated using SEM and TEM. 
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Figure 19 shows TEM images of pyrograph III, MG61HT, dispersal 40 and 80. Figure 
20 shows SEM micrograph of dispersal OS 1, expanded graphite, graphite sheets and 
silica flakes. Table 7 described the thicknesses and diameters of these filler particles. 
 
Table 7: Thicknesses and diameters of candidate fillers for sub-micro application 
 Pyrograf III 
Dispersal 
40 
Dispersal 
80 MG61HT 
Dispersal 
OS1 SF I SF II 
Thickness 
/nm ~ 30 20-50 20-40 100-200 -- 750-860 350-365 
Diameter 
/nm 
50-
280(exter) 50-150 80-180 300-500 30-500 µm 50-150 µm 50-150 µm 
 
 
Since carbon nanofibres and some boehmites are small, TEM was used to investigate 
these materials. The TEM morphology of Pyrograf III revealed a mixture of single-
walled, multi-walled and bamboo-shaped carbon tubes. Their external diameters were 
between 50 and 280 nm, which make them partially overlap with the sub-micro range. 
Boehmite dispersal 40, 80, and MG61HT exhibit layered-structure with thicknesses of 
20-50, 20-40 and 100-200nm respectively. Their corresponding diameters were 50-150, 
80-180 and 300-500nm respectively. Dispersal 40 and 80 thus are classified as nano-
size range particles while MG61HT is a sub-micro particulate filler. 
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Figure 19: TEM micrograph of carbon nanotube pyrograf III and boehmites 
 
The other fillers studied are much larger and therefore were investigated using SEM. 
Boehmite OS1 consists of hollow spheres. The product also contains a great number of 
broken particles as shown in Figure 20a. As a consequence, this structure is not suitable 
for mechanical reinforcement. Two types of silica flakes were observed to have similar 
shapes and single layered structures. The layer thicknesses of silica flakes (SF) were 
between 750 and 860nm for silica flake I and 350 to 365nm for silica flake II. They are 
c d
a b
0.5um 100nm 
100nm 0.2um 
a) Carbon nanotube Pyrograf III. b) Dispersal 40. c) Dispersal 80. d) MG61HT. 
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thus referred as 850nm silica flakes and 350nm silica flakes. These silica flakes have a 
similar distribution of diameter which is in the range of 50 to 150µm. 
 
 
Figure 20: SEM micrograph of beomite, silica flakes and sub-micro graphite 
 
As shown in Figure 20c, expanded graphite has a honeycomb structure within worm-
shaped strands. The layer thickness of expanded graphite was 50 to 150 nm with a 
diameter of 5 to 18 µm. Graphite sheets were made from expanded graphite but the 
honeycomb structure has been broken resulting in individual sheets. The thickness of 
9um 10µm 
 
800um 1mm 
a                                                         b
c                                                         d
a) Dispersal OS 1.b) Silica flakes. c) Expanded graphite. d) Graphite sheets. 
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sheets was between 280 and 360nm with a diameter of 5 to 15µm. Both expanded 
graphite and graphite sheets possessed multi-layered structures. 
 
Based on the morphology and dimensions of the particles examined, MG61HT was 
selected as a zero dimensional sub-micro particle filler and Pyrograf III as a one 
dimensional filler. The two silica flakes and two graphite products were used as two 
dimensional reinforcing fillers. In accordance with their thicknesses, silica flakes are 
classified as 350nmSF and 850nmSF. Because of their structure, expanded graphite and 
graphite sheets are referred to multi-layered sub-micro fillers. Amongst these sub-micro 
fillers, MG61HT has small aspect ratios of approximate 1.5 to 5. Pyrograf III has a 
complex mixture of different structural carbon-tubes. Therefore, only the silica flakes 
and two graphite products were used in sub-micro composite during this project. 
 
Since the silica flakes have single sheet structure, there is no need for exfoliation. This 
advantage makes silica flakes a suitable model materials for exploring the potential of 
sub-micro reinforcement. Due to their narrow thickness distribution, silica flakes were 
also considered suitable for the investigation of aspect ratio effects on sub-micro 
reinforced polymer composites. Sub-micro graphite products because of their electrical 
conductivity, they were used not only to reinforce mechanical properties of the 
composites but also to synthesise conductive polypropylene composites. The results of 
this work are discussed in following sections under the heading of reinforcement with 
single-layered sub-micro fillers and enhancement with multi-layered sub-micro fillers, 
respectively. 
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Part I: Reinforcement with single-layered sub-micro fillers 
Based on the single-layered 350nm silica flakes and N6, the relationship of Young’s 
modulus and strength of the 350nm silica flake/N6 composites with filler fractions was 
studied. A comparison of mechanical properties was conducted for the clay/N6 
nanocomposites, 350nmSF/N6 sub-micro composites and glass fibre composites. 
Furthermore, the key factors in sub-micro composite enhancement, rheology, 
crystallisation behaviour and fracture toughness and thermal dynamic mechanical 
properties of silica flake/N6 composites were explored. Detailed discussions are given 
in Sections 5.2 to 5.8. 
 
5.2  Tensile modulus and strength of sub-micro silica flake/N6 
composites 
Sub-micro N6 composites studied were based on 350nm silica flake produced by the 
melt blending method as described in Section 3.5.1. The filler fractions in the 
composites were 1, 3, 5, 10, 20 and 25wt% respectively. The tensile modulus and 
strength of the composites were measured according to the method as described in 
Section 3.6.1. Figures 21 and 22 show the dependences of tensile modulus and strength 
of 350nm silica flake/N6 composites on filler fractions. 
 
Figure 21 shows that the tensile modulus of silica flake sub-micro composites increases 
with filler loading. The greatest increase occurred below 3wt% after which there was a 
steady increase up to 20wt%. The rate of increase, however, decreased in the range of 3 
to 20wt% filler content. At 3wt% flake loading, the modulus of the composite reached 
2.98GPa which was an increase of 56% compared with the base polymer. The tensile 
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modulus of the composite only rose by 24% from 3 to 20wt%. The possible reason for 
this is that above 3wt% filler content the low aspect ratio distribution of silica flakes, 
generated by the breakage of silica flakes during composite processing, have increased 
significantly, which is evidenced by Figures 26 to 29. Over 20wt% flake fraction, the 
rate of modulus improvement increased again and achieved 4.13 GPa at 23.72wt% 
silica flake fraction. This is 116% higher than the pure N6. 
 
Figure 22 shows that the tensile strength of 350nm silica flake/N6 sub-micro 
composites had a drastically improvement of 55.6% at 1wt% silica flake content with 
respect to the pure polymer. Above 1wt% flake loading, the tensile strength of 
composites kept slow rising until flake fraction of 20wt% was reached and then slightly 
dropped. The highest strength of sub-micro silica flake/N6 composites produced was 
77.13 MPa obtained at 20wt% filler loading which is an increase of 74.5% compared to 
the pristine polymer. 
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Figure 21: The dependence of tensile modulus of 350nmSF/N6 sub-micro composites on 
filler contents 
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Figure 22: The dependence of tensile strength of 350nm silica flake/N6 composites on filler 
contents 
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5.3 A comparison in mechanical properties amongst the sub-
micro filler reinforced composites, nanocomposites and short 
fibre composites 
For a comparison, clay93a/N6 nanocomposites were also prepared via the same melt 
blending method. The filler content of nanocomposites was between 1 and 20wt% after 
which the products become dark and brittle. Over 20wt%, clay/N6 composites could not 
be produced using the extrusion technology. The tensile modulus and strength of the 
nanocomposites were measured using the same method used for the sub-micro 
composites. The tensile modulus and strength of 5, 15 and 30wt% short glass fibre 
reinforced N6 were adapted from references [81], [93] and [186]. All results were 
normalised using the ratio of a composites property to the equivalent matrix polymer 
properties, i.e. Ec/Em and σc/σm, and plotted in Figures 23 and 24. The failure stress of a 
composite is known to reduce if fibre content is below the critical fibre volume fraction. 
The critical fibre volume fraction of glass fibre/N6 composites is around 9% according 
to the equation *'*
*
'
mff
m
fV σσσ
σ
+−=  [5]. Where 
'
fV  represents the fibre critical volume 
fraction while *mσ  and *fσ  are the ultimate tensile strength of matrix and fibre 
respectively. 'fσ  is the fibre stress when the matrix fails. Five percent glass fibre 
content is below the critical fraction and thus not practical. Such glass fibre content is 
used in this research for comparison purposes only. 
 
According to Figure 23, in the low filler fraction range, the nanocomposite performed 
the best in tensile modulus, amongst the clay93a/N6 nanocomposites, sub-micro silica 
flakes enhanced N6 and 6mm glass fibre reinforced N6. An improvement of 103% in  
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Figure 23: Tensile modulus comparison of sub-micro, micro and nano composites 
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 Predicted strength by the Rule of Mixture. 
 Predicted strength using modified Rule of Mixtures with an aspect ratio of silica flakes of 12. 
Figure 24: Tensile strength comparison of sub-micro, micro and nano composites 
5 Experimental results and discussion 
 
 
Yalan Li  page 91 
Young’s modulus was achieved by the nanocomposite at a low filler loading level of 
5wt% compared with the pristine polymer. The 5wt% sub-micro silica flakes/N6 
composite was second best with a tensile modulus 68% higher than the matrix polymer. 
The 5wt% glass fibre reinforced composite only had a modulus increment of 5.4% with 
respect to the pure N6, which is far lower than the corresponding nano and sub-micro 
silica flake composites. 
 
The tensile modulus of nanocomposites, however, started to deteriorate when over 
7wt% clay content due to the poor dispersion and agglomeration of clay layers in the 
polymer. This is indirectly evidenced by X-ray diffraction analysis as shown in Figure 
25. The X-ray pattern of clay93a showed a peak at 2-theta angle of 3.9789 degree which 
represents the clay93a has an interlayer d(001)-spacing of 2.229nm. This peak 
disappeared in the pattern of 5wt% clay93a/N6 composite indicating the exfoliation of 
the clay in the polymer. However, the peak shifted back to a 2-theta angle of 5.316 
degree in the pattern of 10wt% clay93a/N6 composite leading to a clay interlayer d 001-
spacing of 1.665nm, in the composite. This narrowed d (001)-spacing of the clay in the 
composite is a clear indication that agglomeration of clay nanolayers has occurred 
resulting a poor dispersion of the clay in the polymer. 
 
In contrast, the modulus of sub-micro composites continuously increased with flake 
fraction. At 10wt% of filler loading, the modulus improvement of the sub-micro SF/N6 
composite was close to that of a 15wt% 6mm glass fibre reinforced N6 composite. With 
30wt% filler fraction, both glass fibre and sub-micro SF/N6 composites achieved 
significant improvement in Young’s modulus of over 240% compared to their matrix 
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polymers. This is 53% higher than the best clay/N6 nanocomposites produced in this 
study. 
 
Figure 24 shows that at 5wt% filler fraction, the sub-micro SF/N6 composites exhibited 
the best improvement in tensile strength which was 60% higher than a model-predicted 
value of 5wt% glass fibre filled N6 composites. This was also 34% and 67% higher than 
that of the 5wt% clay93a nanocomposites and the pure N6 respectively. Interestingly, if 
comparing 10wt% filler reinforced composites, the tensile strength of the clay93a/N6 
nanocomposite was deteriorated and 14.5% worse than the base polymer. In contrast, 
the 350nm SF enhanced composite achieved the same improvement in tensile strength 
as that of a 15wt% glass fibre reinforced N6 composite. The calculated tensile strength 
of 30wt% 350nm silica flakes reinforced N6, based on aspect ratio of 12 and the 
modified Rule of Mixtures II (Equation 17), showed a strength improvement 25% 
higher than the 30wt% glass fibre counterpart and an increase of 148% compared to the 
pure N6. 
 
In summary, the tensile strength of the 350nm silica flake composite is 38% higher than 
that of nanocomposites at 5wt% filler loading although the corresponding tensile 
modulus is 35% lower than that of nanocomposites. Importantly, both strength and 
modulus of 350nm SF/N6 composites are superior to nanocomposites at medium and 
high filler fractions and also comparable with glass fibre/N6 composites in high filler 
fractions. Therefore, in theoretical and practical terms, the sub-micro composite 
approach has the potential to fill the gap between nano and micro composite 
reinforcement. 
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Figure 25: XRD patterns of clay/N6 composites 
 
 
5.4 Key factors of sub-micro silica flake enhancement 
As discussed in Section 5.2, sub-micro silica flake composites have outstanding tensile 
modulus and strength both at low and high filler loading. However, when comparing 
experimental results with predicted data, the experimental results are far lower than the 
predicted modulus and strength when flakes content is over 5wt%. It was found that 
silica flakes were broken during the extrusion process, especially in composites with 
high filler loadings (seen by comparing Figure 13 with Figures 26 to 29). This led to the 
length and aspect ratio of silica flakes being drastically reduced and resulted in 
significant deviation of the experimental results from the predicted values. To 
understand the effects of filler length and aspect ratio on sub-micro enhancement, the 
virtual length distributions of silica flakes after extrusion were investigated. The 
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influences of extrusion conditions and filler surface treatment on flake breakage were 
explored. Furthermore, the compatibility of silica flakes with matrices was also studied. 
 
5.4.1 The effect of aspect ratio on tensile modulus and strength of 
sub-micro silica flake composites 
In this section, an investigation into length distributions and aspect ratios of broken 
silica flakes in the composites is conducted. The Young’s modulus and strength of 
composites based on the real distributions of length and aspect ratio of the broken flakes 
are calculated. The Shear Lag models I and II were used for the modulus calculation 
while the modified Rule of Mixtures I and II were applied to calculate strength. 
 
Due to the uneven dispersion of flakes with different lengths along the width of a tensile 
test specimen, as seen by comparing Figure 15 d and e, it is difficult to carry out image 
analysis and to calculate flake length distribution based on the injected moulds. An 
alternative method was therefore used to investigate length distribution of silica flakes 
after extrusion. The method was based on composite pellets burning for one hour at 400 
°C in a muffle oven, followed by SEM image analysis. One, three, five and twenty five 
percent of flakes reinforced composites were studied. The flake length distribution in 
each composite is shown in Figures 26 to 29. It is found that the length of the longest 
flakes in each composite shortened from 23 to 8.3 µm when filler content increased 
from 1 to 25wt% while the length of shortest flake in each composite did not change. In 
the 1wt% 350nm silica flakes filled N6 composite, the major flake length distributions 
were in 19-21, 8-9 and 4 µm. The average length and aspect ratio of flakes was 10.8 µm  
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Figure 26: Length distributions of silica flakes in 1wt% SF/N6 composites 
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Figure 27: Length distributions of silica flakes in 3wt% SF/N6 composites 
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Figure 28: Length distributions of silica flakes in 5wt% SF/N6 composites 
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Figure 29: Length distributions of silica flakes in 25wt% SF/N6 composites 
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and 30, respectively. With 3wt% filler loading, the major flake length distribution 
reduced to around 7 µm whereas approximately 13vol% flakes still remained a length of 
14-15 µm. The average flake length and aspect ratio was 8.4 µm and 24, respectively. In 
5wt% 350nm silica flakes filled N6 composite, the major flake length distribution 
reduced to 4-5 µm while approximately 12vol% flakes remained a length of 12-13 µm. 
The mean length and aspect ratio was 6.3 µm and 18, respectively. With 25wt% flake 
filled N6, the major length distribution was 4.89 µm, similar to that of the 3wt% 
composite. The longest and average flake length, however, significantly decreased to 
8.3 µm and 4.2 µm respectively which gave an average aspect ratio of 12. 
 
In order to clarify the effects of such breakage on the mechanical properties of sub-
micro silica flake composites, the elastic modulus and strength of 350nmSF/N6 
composites were re-calculated using real flake length and aspect ratio distributions of 
broken silica flakes. The calculation was based on two Shear Lag and two modified 
Rule of Mixtures models and designed to investigate the effects of both aspect ratio and 
filler orientation. The re-calculated results are plotted in Figures 30 and 31. For all 
models applied, the tensile modulus and strength of composites significantly reduced 
with the decrease of filler aspect ratio. In terms of Shear Lag modulus model II, the 
modulus of the 20wt% 350nmSF composite dropped by 19.3% and 45.8% from 8.04 to 
6.49 and 4.36GPa, when the aspect ratio of flakes was reduced from 475 to 30 and 12 
respectively. In terms of the modified Rule of Mixtures strength model II, the strength 
of the 20wt% 350nmSF composite dropped by 37% and 58.9% from 204.6 to 129.8 and 
84.8 MPa, when the aspect ratio of flakes was reduced from 475 to 30 and 12, 
respectively. 
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The re-calculated modulus and strength based on aspect ratio 30 and 12 are very close 
to experimental results. With a flake aspect ratio of 12, all models give similar results to 
the experimental data for high loading levels such as 10, 20 and 25wt%. With a flake 
aspect ratio of 30, the models gave similar results to the experimental data for low SF 
loaded N6 composites, such as 3 and 5wt%. The main reason for this being that the 
aspect ratio of silica flakes reduced with the increase of filler loading leading to a lower 
flake aspect ratio in high filler loaded composites, as seen in Figures 26 to 29. 
 
Comparing Model I to Model II, the effect of filler orientation on both tensile modulus 
and strength tend to decrease with the reduction of flake aspect ratio. When aspect ratio 
is reduced to 12, the influence of flake orientation becomes insignificant, as shown in 
Figures 30 and 31. 
 
Based on the results above, the aspect ratio decrease of silica flakes is a major reason 
why the tensile modulus and strength of highly filled silica flake/N6 composites is 
limited. 
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Figure 30: Dependence of elastic modulus of sub-micro SF/N6 composites on the fraction, 
aspect ratio and orientation of flakes based on Shear Lag models 
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Figure 31: Dependence of tensile strength of sub-micro SF/N6 composites on the fraction, 
aspect ratio and orientation of flakes based on modified Rule of Mixtures 
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5.4.2 Extrusion speed and surface protection of silica flakes 
As a major condition of the extrusion process, the effect of screw speed on flake 
breakage was studied. Amino-silane, epoxy-silane and vinyl-silane surface modified 
flakes were employed in the investigation of flake surface protection. The SEM 
morphology of flakes burnt from various composites is shown in Figures 32 and 33. 
 
Figure 32 illustrates four SEM images. The first three images represent non-modified 
350nm silica flakes in 5wt% N6 composites at 100, 250 and 400rpm screw speed 
respectively. The final image is the flakes from 5wt% 350nm amino-silane coated silica 
flakes/N6 composite at 400rpm screw speed. According to the images of non-modified 
flakes in the composites, the degree of flake breakage increases with screw speed. On 
comparing the flake image after a 100 rpm screw speed extrusion with that of after 250 
rpm, it can bee seen that their diameter of large particles is similar while the diameter of 
small particles has decreased after 250 rpm extrusion. As a consequence, the average 
aspect ratio of silica flakes is reduced. Unsurprisingly, extrusion at 400 rpm resulted in 
a reduction of flake diameter and a significant increase in small particles. 
 
When comparing the non-modified with amino-silane modified flakes in the 
corresponding composites at 400rpm screw speed, the results in Figure 32 show that 
surface treatment can protect the flakes from breakage to a certain degree. After amino-
silane surface treatment, large particles remained while the fraction of small particles 
decreased. Furthermore, the effect of different modifiers is explored as illustrated in 
Figure 33. The figure shows that epoxy-silane coated 350nm silica flakes in the 
composite have the largest particle diameter followed by vinyl-silane treated flakes. The 
diameter of amino-silane silica flakes is slightly smaller than that of vinyl-silane 
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modified flakes. This is an indication that epoxy silane provides the best protection for 
silica flakes in N6 matrix. However, considering the compatibility of the coupling agent 
with N6, amino-silane modified 350nm silica flakes were selected for the later study. 
 
In summary, low extrusion speeds and surface modification are beneficial in the 
maintenance of large aspect ratio silica flakes. However, the size of surface treated 
flakes after extrusion is still far smaller than the original flakes, when comparing Figure 
33 with Figure 20b. Surface coating thus is not an effective method to prevent flakes’ 
break. Low extrusion speeds, in addition, results in longer residence in the extruder as 
shown in Table 8, leading to the degradation of materials. This in turn reduces the 
mechanical properties of the product. 
 
Table 8: The dependence of residence time on screw speed of the extrusion at 20vol% 
feeding rate 
Screw speed  rpm 250 300 350 400 450 
Residence time  s 39 31 26 22 22 
 
Residence time was measured by adding five grams of coloured additive during 
polymer extrusion. The period time from addition to removal of the additive from the 
extruder was taken as the residence time.  
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Figure 32: The effect of extrusion speed and surface modification on silica flake breakage 
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Figure 33: The effect of different silanes on flake surface protection 
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5.4.3 Degradation of materials during composite processing 
Investigation into thermodegradation of materials and effect of the degradation on 
mechanical properties of composites were carried out using amino-silane modified SF 
reinforced PP and N6. The effect of extrusion speed on degradation of the composites, 
visible as change in colour, is shown in Figure 34. At a process temperature of 225 °C 
feed rate of 20vol% and extrusion speed of 400rpm, the pellets of PP composite have 
similar colour to the PP but become dark brown when extrusion speed below 400rpm, 
due to the degradation of surface modifier. The pellets of N6 composite are brown even 
at 400rpm extrusion speed as the higher processing temperature caused amino-silane 
degradation during the extrusion. 
 
The degradation led to a decrease in tensile strength of the composites. Table 9 shows 
the influence of degradation on the mechanical properties of sub-micro composites. 
With 25wt% 350nm flakes surface modified by amino-silane, the modulus of N6 
composites increased by 47% from 4.13 to 6.11 GPa, when compared with 30wt% non-
modified 350nmSF/N6 composite. This increase benefited from the larger aspect ratio 
of flakes after surface treatment. However, due to the degradation of amino silane, 
tensile strength decreased from 74.1 to 68.32 MPa rather than increases with the 
improved aspect ratio. Details on this will be explained in the rheology section of this 
thesis. As a result, the use of high temperature resistant modifier to perform silica flake 
surface protection is an important objective for N6 sub-micro composites in future 
research. 
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Figure 34: The effect of extrusion speed on degradation of sub-micro composites 
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Table 9: Tensile modulus and strength of 30wt% 350nm SF/N6 composite with and 
without surface modification 
 Tensile modulus GPa Tensile strength MPa 
350nmSF/N6 composite 4.13 ± 0.21 74.1 ± 1.16 
Amino-silane modified 350nm/N6 
composites 
6.11 ± 0.34 68.32 ± 0.8 
 
 
5.4.4 The compatibility of silica flakes with polymer 
Polypropylene and N6 were selected as matrices to investigate the effects of 
compatibility of silica flakes with polymers on mechanical properties of sub-micro 
composites. Due to the highly hydrophobicity of polypropylene, coupling agent 
modified 350nm silica flakes were used to improve the compatibility of flake with PP, 
including vinyl-silane, amino-silane and epoxy-silane coated 350nm silica flakes. The 
chemical structure of polypropylene and three silanes are shown in Figure 35 while the 
tensile modulus and strength of PP composites are shown in Table 10. 
 
As a non-polar polymer, PP is highly hydrophobic and not compatible with hydrophilic 
fillers. As a consequence, a weak interface bonding between silica flakes and PP occurs. 
This is reflected by the significant tensile strength decrease of the 30wt% non-modified 
350nm SF/PP composite. By using silane compatiliser treated silica flakes, the strength 
of composites was improved with respect to the non-modified SF/PP composite. The 
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improvement increased with the compatibility between silane coupling agents and the 
matrix. 
 
Table 10: Tensile modulus and strength of 30wt% 350nm SF/PP composite with and 
without surface modification 
 PP 
350nm 
SF/PP 
Amino-silane 
modified 
350nmSF/PP 
Epoxy-silane 
modified 
350nmSF/PP 
Vinyl-silane 
modified 
350nmSF/PP 
Tensile 
modulus 
GPa 
1.41±0.1 2.24±0.09 2.91±0.1 2.33±0.12 3.6±0.18 
Tensile 
strength 
MPa 
32.63±0.82 26.72±0.31 28.69±0.64 25.65±0.4 31.12±0.42 
 
With 30wt% vinyl-silane modified SF, the strength of the composite was compensated 
and reached a similar value to that of non-filled polypropylene. The results in Table 10 
also show that tensile modulus of sub-micro composites increase with the improvement 
of compatibility between filler and matrix. With 30wt% vinyl-silane modified SF, the 
tensile modulus of the composite increased by 155% from 1.41 to 3.6 MPa when 
compared with polypropylene. 
 
Furthermore, with N6, polymer molecules are bonded with silica flakes through 
hydrogen bond as shown in Figure 36. The compatibility of the filler with matrix is thus 
much higher than that of silica flakes with PP. A significant mechanical property 
improvement in both modulus and strength is achieved in SF/N6 composites as 
discussed in Section 5.2. Therefore, for hydrophobic polymers, the compatibility of 
polymers with flakes is an essential factor for sub-micro composite mechanical 
enhancement, especially in strength reinforcement. 
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Figure 35: Chemical structure of polypropylene and silane coupling agents 
 
Figure 36: The possible mechanism of chemical bonding between silica flakes and N6 
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5.5 Rheology of glass flake polymer composites 
Rheological properties are important to polymers and polymer composites in 
processing, mould design and so on. The analysis of the rheology of a polymer involves 
two types of flow, namely shear and extensional flow. For each flow, viscosity and 
elasticity can be characterised. Shear viscosity is defined by the ratio of shear stress to 
shear rate in Pascal seconds while elasticity is usually inferred from die-swell data. 
With a capillary rheometer, the flow of a molten composite through a capillary die 
exhibits shear behaviour. A strong extensional flow, however, occurs when the melt 
flows from the reservoir of a capillary rheometer. Thus, viscosity and elasticity of a 
flow type can be obtained. 
 
The rheological properties of sub-micro composites were measured using a twin-bore 
extrusion capillary rheometer. Details of the measurements have been described in 
Section 3.10. In this section, shear viscosity and its dependence on shear rate are 
discussed. The effects of flake fraction, filler surface treatment and matrix type on the 
shear viscosity of sub-micro composites are also discussed in detail. Other rheological 
properties will be studied as part of future work. The results obtained are shown in 
Figures 37 to 39. The graphs clearly show that shear viscosity decreases with shear rate 
for all materials investigated. This can be explained by the different existing 
morphology of polymer molecules, at different shear rates. At a low shear rate, polymer 
molecules are entangled and inter-diffused resulting in limited mobility and a relatively 
high viscosity. With shear rate increases, molecules are stretched by shear force leading 
to the decrease in molecular entanglement. Understandably, under these conditions 
viscosity is reduced. 
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As shown in Figures 37 and 38, polypropylene silica flake composites and pristine 
polymer have the same shear viscosity over 150 s-1 shear rate. The only exception to 
this was the 30wt% flake reinforced composite which produced slightly higher viscosity 
than polypropylene. In contrast, apparent differences in shear viscosity were observed at 
the low shear rate range below 150 s-1among composites with different flake fraction 
above 5wt%. It was found that non-modified 350nm silica flake polypropylene 
composites with 1 to 5wt% filler loading have the same shear viscosity. The shear 
viscosity of composites started to increase when loaded flakes were above 5wt%. The 
shear viscosities of 1 to 7wt% 350nm SF reinforced PP composites, however, are 
unusually lower than that of original PP. At 10wt%, composite viscosity reached that of 
PP while over 10wt% shear viscosity is slightly higher than that of PP. 
 
Interestingly, of all the SF/PP composites studied this unusual low viscosity of 
composites was only observed with 350nm silica flakes without surface coating. The 
phenomenon did not occur with the clay nanocomposite, 850nm and vinyl-silane 
surface modified 350nm silica flake composites according to Figure 38. Neither do fibre 
composites demonstrate such rheological response. In general, the viscosities of fibre 
composites are higher than the base polymer and increase significantly with fibre 
fraction [68]. 
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Figure 37: Shear viscosity and shear rate of 350nm SF/PP composites with different filler 
fractions 
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Figure 38: Effect of filler thickness and flake surface treatment on PP sub-micro 
composites 
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In order to explain this unique rheological phenomenon of sub-micro composites, a 
lubrication mechanism is proposed. 350nm silica flakes have smooth surfaces. In the 
case of weak bonding between flake surface and polymer molecules, the flakes and 
polymer slide passing each other when a shear force is applied. This slipperiness leads 
to an increase of molecular mobility. The shear viscosity of silica flake composites thus 
decreased. 
 
As the increase in filler loading, the free space between flakes reduces. With shear rate 
increase, the collision probability of molecules increases. Resistance to the freedom of 
polymer molecules thus increases with the filler loading and shear rate. As a result of 
this, such sliding effects decrease with flake content increase and are only apparent at 
low shear rates, which is consistent with the results shown in Figure 37. 
 
Improvements in flake and polymer bonding, through the use of surface modified flakes 
or a compatible matrix, will decrease the lubrication effect. This is the reason that 5wt% 
vinyl-silane modified 350nm SF/PP and Non-modified 350nm SF/N6 composites did 
not exhibit the slippery phenomena. 
 
With sub-micro N6 composites, the addition of silica flakes led to increase in viscosity. 
According to Figure 39 increasing the flake content of SF composites, results in 
increased viscosity. This is simply because the more flakes a composite contains, the 
lower the molecular mobility a composite possesses. The shear viscosity of the 5wt% 
amino-silane treated 350nmSF/N6 composite, however, was observed to be lower than 
that of 5wt% non-treated 350nm flake/N6 composite, throughout the entire shear rate 
range. A possible reason for this is that thermal degradation of amino-silane occurred 
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during processing. The degradation weakened or damaged the interface bonding 
between the silica flakes and N6 molecules, resulting in the slippery effect. The damage 
of such interface bonds results in the reduced mechanical properties of composites. This 
corresponds to the decrease in tensile strength of the 30wt% 350nm amino-silane 
surface coated silica flake reinforced N6 composite when compared with its non-
modified 350nm SF reinforced composite, as discussed in Section 5.4.3. Because 
slippery effect reflects the interface bonding of sub-micro silica flakes with polymer, it 
can be possibly applied to evaluate the interfacial bonding property and guide the design 
of sub-micro composites. 
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Figure 39: Effect of filler content and flake surface treatment on N6 sub-micro composites 
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5.6 Crystallisation behaviour of glass flake polymer composites 
It is well known that the properties of a composite are determined by the properties of 
filler and matrix, filler fraction, filler aspect ratio and interface bond between filler and 
matrix. Furthermore, in the cases of crystalline/semicrystalline polymers used as 
matrices, the mechanical properties of composites are also depended on their 
crystallisation behaviour [156]. The crystallisation behaviour of sub-micro silica flake 
composites is therefore discussed in this section. The effects of flake fraction and 
surface treatment on crystallisation are studied. Investigations conducted include 
nucleation, crystal growth and crystal size as well as melting behaviour, crystallisation 
temperature, crystallinity and crystallisation rate. Nucleation, crystal growth and crystal 
size were evaluated using polar microscopy combined with hot-stage. Measurements of 
melting point, crystallisation temperature, crystallinity and crystallisation rate were 
carried out by means of DSC analysis. Micrographs of the crystallising processes of 
sub-micro SF/N6 composites are shown in Figures 40 and 41. Similarly, micrographs of 
the crystallising processes of sub-micro SF/PP composites are shown in Figures 42 and 
43. The results of crystal size are listed in Table 12. Results obtained from DSC analysis 
of composites are summarised in Table 12. They include the crystallisation rate, 
crystallisation temperature, onset and end of crystallisation temperature. The melting 
point, onset and end of melting temperature of the composites studied are also listed in 
Table 12. 
 
In accordance with Figure 40, the crystallisation process of N6 consists of nucleus 
formation, nucleus growth and the formation of polycrystal. In accordance with Table 
12, the average diameter of N6 spherulites is 38.34 µm. The results in Table 12 show 
that the crystallisation temperature of N6 significantly increased to 188.6 – 192.6 °C 
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from 176.2 °C after the addition of 350nm silica flakes. Correspondingly, Figure 40a 
shows the significant increments in nucleation rate of the silica flake/N6 composites 
with respects to pure N6. Such results provide clear evidence on nucleation effect of 
silica flakes in N6. The nucleation effect resulted in the total crystallisation rate of 
composites increasing to 3.27-4.25 mg/min from 1.86 mg/min of the N6 as shown in 
Table 12. The average crystal size of composites dramatically reduced to 17-22 µm in 
diameter according to Table 12. This is typical due to the increase of crystallisation rate 
resulting in smaller crystalline size. 
 
When compared to the 5wt% 350nmSF/N6 composite, the further increase of filler 
content and surface treatment of flakes did not result in a considerable effect on the 
nucleation. The total crystallisation rate of composites, however, increased with filler 
content and slightly decreased after flake surface coating. Consequently, the crystal size 
of the 20wt% 350nm SF/N6 composite is, smaller than the 5wt% 350nmSF/N6 
composite as shown in Table 12. The decrease in crystallisation rate caused by surface 
treatment, however, is not significant resulting in a similar crystal size of 5wt% surface 
treated 350nm SF/N6 composite to that of the 5wt% 350nmSF/N6 composite. 
 
Due to the nucleation effect of silica flakes, the crystallisation temperature of SF/N6 
composites increased by 12 to 16 °C compared to pure N6. Melting point, onset and the 
end of the melting temperature range, however, did not change significantly. The 
350nm SF N6 composites showed a difference in their melting peak from the base 
polymer as shown in Figure 44. In general, all composites showed a small shoulder on 
the endothermal peak at approximate 220 °C, this was also observed in the clay N6 
nanocomposites [190]. The most reasonable explanation for this is the formation of γ-
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crystals in the N6. There are two types of N6 crystal, α and γ-form. The α-crystals are 
thermal dynamically stable while the γ-form represents a heterophase which is relatively 
unstable. The presence of silica flakes increased crystallisation temperature and 
crystallisation rate of the composites. High temperature crystallisation and high 
crystallisation rate induced less stable nucleation of γ-phase. Consequently, a small 
amount of γ-crystal was formed. 
 
According to Table 12, the crystallisation temperature and onset crystallisation 
temperature of silica flake/PP composites increased by 2.3 - 5.4 °C and 3.5 - 7.2 °C 
respectively This indicates the nucleation effect of silica flakes in polypropylene. 
According to Figure 42a, the addition of 5wt% 350nm silica flakes, however, did not 
cause apparent increase in the nucleation rate of polypropylene at the beginning of 
crystallisation. The total crystallisation rate of the composite only had a small increase 
to 2.83 mg/min from that of PP 2.42 mg/min. A probable reason of this is the poor 
compatibility of flakes with the matrix suppressed the nucleation effect at the beginning 
of crystallisation. The 5wt% 350nmSF reinforced PP composite thus has similar crystal 
size to that of neat PP. The average diameter of the 5wt% 350nmSF/PP composite and 
neat PP is 64.06 and 71.33 µm respectively as shown in Table 12. 
 
Both increases in flake fraction and improvement in compatibility can initiate the 
nucleation effect at the beginning of crystallisation. Therefore, the nucleation rate of 
20wt% and 5wt% 350nm vinyl-silane modified SF/PP composites significantly 
increased when compared with that of the N6 and 5wt% 350nmSF/PP composite as 
shown Figure 42a. The total crystallisation rate of 20wt% and 5wt% 350nm vinyl-silane 
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modified SF/PP composites considerably increased to 3.69 and 3.63 mg/min, 
respectively and their crystal size in turn dramatically decreased to 32 - 35 µm. 
 
In accordance with Table 12, the crystallinity of SF reinforced N6 and PP composites 
were similar or lower than the pristine polymers. This was caused by the increase of 
crystallisation end temperature. Crystallising at a higher temperature led to less crystal 
formation from the molten polymer. This can be evidenced by the data of crystallinity 
and Tc,end listed in Table 12. The higher Tc,end a composite has, the lower crystallinity it 
possesses. 
 
In general, an increase in crystallinity improves the elastic modulus and strength of a 
polymer. The crystallinity in 350nm silica flake/N6 and PP composites is either similar 
or lower than the pure polymers. Therefore, the tensile modulus and strength 
improvements, which have been achieved in 350nm silica flakes reinforced N6 and PP 
composites, are primarily due to the filler contributions. 
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Figure 40: The effect of flake fraction on sub-micro SF/N6 composite crystallisation 
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Figure 41: The effects of flake surface treatment and thickness on sub-micro SF/N6 
composite crystallisation 
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Figure 42: The effect of flake fraction on sub-micro SF/PP composite crystallisation 
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Figure 43: The effects of flake surface treatment and thickness on sub-micro SF/PP 
composite crystallisation 
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Table 11: Crystal diameters in sub-micro silica reinforced N6 and PP composites 
 N6 
5wt% 350nm 
SF/N6 
20wt% 350nm 
SF/N6 
5wt% 
amino-silane modified 
350nm SF/N6 
Average 
diameter of 
crystals µm 
38.34 20.93 17.1 21.64 
 PP 
5wt% 350nm 
SF/PP 
20wt% 350nm 
SF/PP 
5wt% 
amino-silane 350nm 
SF/PP 
Average 
diameter of 
crystals µm 
71.33 64.06 32.87 34.9 
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Figure 44: DSC melt curves of 350nm silica flake/N6 composites 
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Table 12: Summary results DSC analysis of sub-micro SF composites 
 
Crystalline 
temperature 
Tc, °C 
Tc,onset 
°C 
Tc,end 
°C 
Melt 
point 
Tm °C 
Tm,onse
t °C 
Tm,end
°C 
Crystallinity 
x% 
Crystallisation 
rate 
v, mg/min 
N6 176.2 186.4 168.8 225.4 212.6 229.9 23.94 1.86 
5wt% 
350nm 
SF/N6 
192.4 195.6 188.9 227.4 215.6 230.7 17.86 3.88 
20wt% 
350nm 
SF/N6 
188.6 192.0 184.6 224.8 211.7 227.5 23.9 4.27 
5wt% 
350nm 
amino-silane 
modified 
SF/N6 
192.63 195.6 187.9 225.7 212.9 229.8 21.0 3.25 
PP 115.89 120.2 112.0 166.3 160.6 171.8 33.9 2.42 
5wt% 
350nm 
SF/PP 
121.3 125.4 113.9 167.6 159.8 173.5 33.3 2.83 
20wt% 
350nm 
SF/PP 
119.6 123.7 115.9 166.9 158.9 171.7 30.6 3.69 
5wt%  
350nm 
vinyl-silane 
modified 
SF/PP 
118.17 127.4 114.0 168.1 159.3 173.0 29.5 3.63 
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5.7 Impact fracture and dynamic thermal mechanical analysis of 
sub-mico silica flake composites 
In addition to tensile modulus and strength, the impact fracture and dynamic thermal 
mechanical analysis of silica flake/N6 composites were also carried out to evaluate the 
fracture toughness and thermal mechanical properties of sub-micro composites. The 
detailed results are discussed in following sub-sections. 
 
5.7.1 Impact fracture of sub-micro silica flake/N6 composite 
The fracture toughness of sub-micro SF/N6 composites was assessed using the critical 
stress intensity (Kc). Kc was measured in accordance with the method described in 
Section 3.6.2. As a general rule, the bigger the value of Kc the tougher a composite is. 
350nm and 850nm flake reinforced N6 composites were tested in order to investigate 
the effect of flake thickness on the impact property of sub-micro composites. The 
results obtained are shown in Figure 45. It was found that Kc of 5wt% 350nm and 
850nm silica flakes reinforced N6 increased by 17.2 and 19% respectively, when 
compared with the pure polymer. With the composites studied, flake thicknesses did not 
show apparent effect on fracture toughness. An investigation into 100nm and 2µm flake 
reinforced N6 should be carried out as part of future work. 
 
The impact toughness improvement of composites is substantially contributed by 
interfacial frictional sliding between filler and matrix during the fracture. In general, the 
toughness is greater when fillers have a larger aspect ratio and diameter [5]. The 350nm 
flakes are thinner but have a larger aspect ratio than the 850nm flakes. As a 
consequence, their 5wt% SF/N6 composites exhibited the similar improvement in 
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fracture toughness. Moreover, the reduction in crystal size of the N6 due to addition of 
silica flakes also has a positive effect on the toughness of sub-micro SF/N6 composites. 
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Figure 45: impact fracture toughness of N6, 350nmSF/N6 and 850nmSF/N6 composites 
 
5.7.2 The dynamic thermal mechanical properties of glass flakes 
composites 
Dynamic thermal mechanical analysis is a technique used to investigate the viscoelastic 
properties of a material including complex modulus, storage/elastic modulus (E'), 
loss/viscous modulus and loss tangent (tanδ). Using the plot of E' versus temperature, 
the change of storage modulus with temperature can be evaluated. Using the plot of tanδ 
versus temperature, the glass transition temperature (Tg) can be obtained. These 
properties are important factors in plastic engineering applications in high temperature 
environments. 
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In this section, modulus-change with temperature, glass transition temperature based on 
loss tangent and Heat Deflection Temperature (HDT) of sub-micro silica flake 
reinforced N6 are investigated. Results obtained are shown in Figure 46, Figure 47 and 
Table 13 respectively. 
 
Figure 46 shows that the elastic modulus of all materials was steady in the range of –10 
°C to room temperature. They exhibited a consistent tendency with their tensile 
modulus at room temperature i.e., the storage modulus of SF composites is always 
higher than that of the pristine polymer and increases with filler fraction but decreases 
with flake thicknesses. Within the temperature range from 23 to 50 °C, the modulus of 
N6 and SF composites rapidly decreased with temperature increases. The modulus of 
the SF composites, however, remained 20 to 40% higher than N6. Within the range 50 
to 125 °C, the modulus of materials became steady and only a slightly decline occurs. In 
this temperature range, the modulus of 10wt% 350nmSF composite was higher than 
5wt% 350 and 850nmSF composite while the modulus of 5wt% 850nmSF was higher 
than that of 5wt% 350nmSF composites. It is indicated that in the post-transition 
temperature range, the loading-bearing capability of sub-micro SF/N6 composites 
increases with flake loading and thickness. At 120 °C, the storage modulus remained at 
656 MPa for 10wt% 350nmSF composite, 544 MPa for 5wt% 350nmSF composite and 
585MPa for 850nm SF composites. These values are 62%, 34% and 44% higher than 
non-filler N6 respectively. 
 
Figure 47 shows that the addition of flakes had little influence on the glass transition 
temperature of N6. The glass transition temperature of 5wt% and 10wt% 350nm SF 
reinforced N6 was observed to be 45.54 and 46.5 °C respectively both of which are 
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similar to the N6 transition temperature 45.9 °C. The glass transition temperature of 
5wt% 850nm SF/N6 was 50.3 °C and 4.4 °C higher than Tg, N6. 
 
According to Table 13, the heat deflection temperature of sub-micro SF/N6 composites 
increased with flake fraction. Flake thickness did not make apparent difference in HDT 
of the composites. With 10wt% 350nm silica flake reinforced composite, the HDT (at 
1.82 Mpa stress) increased by 20.3 °C from 45.99 °C of pristine polymer, which is an 
improvement of 44%. 
 
According to the literature [26] and [28], with 6wt% filler content the HDT of clay/N6 
nanocomposites at 1.82 MPa stress can be improved by 125-154% with respect to the 
neat polymer. This improvement is much higher than that of silica flake sub-micro 
composites achieved. One possible explanation is that the interaction of nanoclays with 
polymer molecules is higher than that of sub-micro silica flakes due to the large surface 
area of the nanoclays. Interfacial interaction of sub-micro silica flakes with polymer can 
be improved by means of surface treatment using compatilisers which would give sub-
micro silica composites further improvements in thermal dynamic properties. It could 
be difficult, however, to reach the level that clay nanocomposites have achieved due to 
the smaller surface area of sub-micro fillers. Further investigation is considered as part 
of future work. 
Table 13: Thermal deflection temperature of sub-micro SF/N6 composites 
 
 
N 6 
5 wt% 
350nmSF/N6 
10wt% 
350nmSF/N6 
5 wt% 
850nmSF/N6 
Heat Deflection 
Temperature at 
1.82MPa, oC 
45.99 54.6 66.3 54.17 
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Figure 46: Storage modulus & temperature of sub-micro SF/N6 composites 
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Figure 47: Tan δ & temperature of sub-micro SF/N6 composites 
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Part II: The enhancement with multi-layered sub-micro fillers 
In this research, two different structures of expanded graphite were investigated. One is 
layer interlinked structure. Another is individual sheet structure. Considering the effect 
of dispersion level and filler orientation on the mechanical properties of composites, the 
individual sheet structure was studied for mechanical reinforcement purpose. The 
relationship between filler exfoliation and mechanical properties of the composite was 
explored. The layer interlinked structure has potential to form an effective conductive 
graphite network in the composites. It thus was used to enhance electrical conductivity 
for polypropylene. 
 
5.8 Developing multi-layered sub-micro fillers 
Expanded graphite (EG) was prepared from expandable graphite. Expandable graphite 
is the graphite flakes intercalated by various chemicals at defects along the edges of the 
graphite layers [138], [191]-[194]. Thus, they are also known as intercalated graphite. 
When an intercalated graphite is exposed to high temperatures, its layers are forced to 
separate due to rapid vaporisation of the intercalants. Direct heat treatment by flame or 
furnace heating is traditionally used for expanding expandable graphite [192]. In this 
study, a microwave irradiation method was explored as a new approach in the 
preparation of expanded graphite. Three out of the four expandable graphite grades used 
were commercial products provided by the Branwell Graphite Ltd with trade names 
ES350, ES120 and ES100 respectively. The remaining expandable graphite named 
IG230 was synthesised in our own laboratory via acid treatment using nitric and 
sulphuric acids according to reference [193]. Extent of the graphite expansion was 
assessed by expansion volume. Expansion volume is defined as the increase in volume 
of one gram expandable graphite after expansion with unit ml/g [194]. For each type of 
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expandable graphite, the optimum conditions of expansion were determined by 
identifying the highest expansion volume achieved. 
 
The microwave irradiation of expandable graphite was carried out in a microwave oven 
with heating time between 10 and 60 seconds. The relationship between expansion 
volume and expansion time is shown in Figure 48. 
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Figure 48: The relationship between expansion volume of expandable graphite and 
microwave irradiation time 
 
Figure 48 shows that the expansion volume increased with expansion time of up to 30 
seconds for ES350, IG230 and ES120 and up to 20 seconds for ES100. After that no 
further expansion occurred. The commercial expandable graphite ES350 had the highest 
expansion volume of 358 ml/g, which is one third higher than IG230 and almost three 
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times higher than ES120 and ES100. This may be associated with the different particle 
thickness of the expandable graphites. Thicker flakes tend to result in higher expansion 
volume. As shown in Figure 49, ES350 has the thickest and ES100 has the smallest 
thickness amongst the expandable graphites used. The dependence of expansion volume 
on particle thickness was then investigated and show in Figure 50. According to the 
figure, the expansion volume has a good linear relationship with the thickness of  
 
Figure 49: Micrograph of the cross-section of the expandable graphites under optical 
microscopy 
ES350nm  
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expandable graphite. The regression results in an equation: 434.193706.4 += xy  with 
an R2 of 0.9996. The equation can be used to quantify the relationship between 
expansion volume and particle thickness of the expandable graphite products studied. 
The possible reason for the formation of such linear relationship is associated with the 
number of natural defects possessed by graphite flakes. In general, defects are 
distributed at random along the edges of flakes. The number of defects, however, 
proportionally increases with the particle thickness of expandable graphite resulting in a 
correlation between quantity of intercalant in expandable graphite and graphite flake 
thickness. Consequently, a linear relationship between expansion volume and particle 
thickness of expandable graphite occurs. 
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Figure 50: Dependence of expansion rate on particle thickness of expandable graphite 
 
The micro-structures of graphite before and after expansion are shown in Figure 51. 
After expansion, graphite flakes change into a porous structure with layer thicknesses 
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approximately 50 to 150 nm. When comparing expanded ES350 with expanded ES100, 
where the former achieved the highest expansion volume and the latter had the lowest, 
there are not noticeable differences in the layer length and thickness between two 
products. 
 
 
Figure 51: SEM morphology of graphite before and after expansion 
 
Moreover, as show in Table 14, expanded ES350 and ES100 have a similar specific 
surface area. The apparent volume of expanded ES350, however, is much higher than 
that of expanded ES350. Such high volume has caused high volume ratio of expanded 
500um 200um 
a. Expandable graphite ES350 b. Expanded graphite ES350 with low 
magnification 
9um 
c. Expanded ES350  
with high magnification 
9um 
d. Expanded ES100  
with high magnification 
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graphite to base polymer resulting in high viscosity flow during the preparation of 
expanded ES350 polymer composites. As a consequence, Expanded ES100 was chosen 
as a sub-micro multi-layered reinforcement throughout this research. 
 
Table 14: BET specific surface area of graphite before and after expansion 
 ES350 ES100 
Specific surface area 
before expansion  cm2/g 
0.58 2.93 
Specific surface area 
after expansion  cm2/g 
27.9 30.6 
Apparent volume after expansion  
cm3/g 
326 95.6 
 
 
5.9 The dispersion of expanded graphite and the mechanical 
properties of sub-micro graphite PP composites 
The porous structure of expanded graphite allows polymer molecules to enter its layer 
galleries to form expanded graphite polymer composites. However, similar to other 
layer-structured fillers such as clays, expanded graphite has dispersion problem. The 
expanded layers tend to agglomerate rather than further exfoliation during melt blending 
process. It is well known that for multi-layered reinforcements, the extent of layer 
dispersion within a composite is a crucial factor for the reinforcement of mechanical 
property. The dispersion of expanded graphite in polymer and the effect of dispersion 
structure on tensile modulus and strength of sub-micro composites are therefore 
investigated in subsequent sections. 
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5.9.1 The dispersion of expanded graphite in polymers 
Different from clay/polymer nanocomposites, the extent of graphite dispersion cannot 
be investigated using X-ray diffraction technique because the crystal structure of 
graphite does not change during the graphite expansion and layer exfoliation process. 
Optical microscopic analysis was therefore applied to study the dispersion of multi-
layered sub-micro filler within their polymer composites. 
 
The structures of expanded graphite in low viscosity cyanoacrylate resin and 
polypropylene were investigated and are discussed in this section. A room temperature 
curing processing was used for cyanoacrylate resin while both the solution method and 
the melt blending were employed for polypropylene composites. Details of these 
methods are described in Section 3.5. The morphology of graphite structures under 
these conditions is shown in Figure 52. As can be seen, expanded graphite exists in the 
layered interlinked structure in cyanoacrylate resin and the polypropylene-compatiliser-
xylene solution. This is primarily due to the low viscosity of the resin and solution 
which allows them to flow into the pores of the expanded graphite. Once the pores of 
the graphite are occupied, the expanded layers cannot be compressed by applied 
external forces such as stirring. As a consequence, the expanded structure of the 
graphite remains after curing. The situation is different in melt blending, in which the 
expanded layers of the graphite have been compressed back to their original 
unexpanded state. This may be associated with extensive collision in the feeding zone 
of the extruder where polymer pellets have not been molten. These pellets squeezed the 
expanded graphite resulting in expanded gap closure. In order to overcome this problem 
and to enable the melt blending method to be suitable for the development of sub-micro 
graphite composites, a method with two-feeder combined with multi-extrusion was 
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designed. The principle of this method is that polymer is fed first and expanded graphite 
is fed later via a second feeder where the pellets have been molten. Thus extensive 
collision of pellets with the graphite can be avoided, allowing the molten polymer to 
flow into the pores of the expanded graphite. The resulting morphology in Figure 53a 
shows that expanded layered-structure of the sub-micro graphite remains whereas the 
layers are not well dispersed. By applying high shear stress generated during multi-
extrusion, well dispersed and orientated individual graphite sheets in polypropylene 
composites were obtained as shown in Figure 53b. 
 
Multiple-extrusion may cause polymer degradation so that an alternative method has 
been developed. In this method, sub-micro graphite sheets were produced by breaking 
the interlinked structure of expanded graphite using sonication. Expanded graphite was 
sonicated in an ultrasonic bath containing water. The sonication time required to 
separate layers of expanded graphite into individual sheets is shown in Table 15. From 
the results obtained it is clear that the sonication time needed to break the honeycombs 
of expanded graphite into individual sheets increases with the amount of sonicated 
graphite. Sonicating one gram of expanded graphite required a total of 6 hours whereas 
five grams took 18 hours. Sonication is therefore not practical for the large scale 
production of sub-micro graphite. 
 
Figure 54 shows the morphology of sonicated graphite and multi-extruded graphite 
obtained by burning the melt blending processed EG/PP composite following six cycles 
of extrusion. The individual sheets obtained from two methods demonstrate similar 
thickness and length. 
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Figure 52: Structures of expanded graphite in cyanoacrylate and PP under different 
processing methods 
 
50 µm 
a  Structure of expanded graphite in 
cyanoacrylate resin 
b  Structure of expanded graphite in  
PP-compatibliser-xylene solution 
50 µm 
c  Dispersion structure of expanded 
graphite in PP via melt blending 
20 µm 
5 Experimental results and discussion 
 
 
Yalan Li  page 138 
 
Figure 53: The optical microscopic morphology of expanded graphite dispersions in PP 
under the two-feeder fed and multi-extrusion methods 
 
Table 15: The sonication time for separating the layers of expanded graphite into 
individual sheets 
Amount of graphite  
g  1 5 
Sonication time  
hrs 6 18 
 
 
Figure 54: Individual graphite sheets produced via the sonication and multi-extrusion 
 
3 µm 8 µm 
a  Sub-micro graphite sheets prepared 
by means of sonication 
b  Sub-micro graphite sheets from 
 a multi-extruded PP composite 
 
50 µm 50 µm 
a  Expanded graphite dispersed in  
PP using two-feeder fed melt blending 
b  Expanded graphite dispersed in PP 
using multi-extrusion melt blending 
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5.9.2 The mechanical properties of sub-micro graphite reinforced 
polypropylene composites 
The mechanical properties of sub-micro graphite reinforced polypropylene depend on 
the structure of graphite in the composites and the extent of filler dispersion. As 
discussed before, with the traditional extrusion method, the expanded layers of EG are 
essentially agglomerated. With two-feeder multi-extrusion methods, the interlinked 
structure in the expanded graphite worms remains in PP composites in the first cycle 
extrusion. The graphite worms are chopped down during further extrusion cycles. After 
six extrusion cycles for 5wt% reinforcement and ten cycles for 20wt% reinforcement, 
the interlinked structure of expanded graphite is broken down to a satisfactory level 
similar to what is obtained using the sonication method. The tensile modulus and 
strength of EG/PP composites with different reinforcement structures are given in Table 
16. In order to rule out the effects of multi-extrusion on pure PP, the tensile strength and 
modulus of PP after the 6th and 10th extrusion were also studied. 
 
According to the results obtained, multi-extrusion does not affect the tensile strength of 
polypropylene but slightly reduces PP tensile modulus. When comparing the EG/PP 
composite produced using the traditional melt processing method with the pristine 
polymer, at 5wt% filler fraction, the tensile modulus of the composite is improved by 
6.4% but tensile strength decreases by 6.8% from 30.9 to 28.8 MPa. The interlinked 
structure of expanded graphite neither enhances nor degrades the tensile modulus and 
strength of polypropylene. Due to poor disperse of expended graphite at high filler 
loading, the tensile strength of one-cycle extruded 20wt% EG/PP composite is worse 
than that of the corresponding 5wt% EG/PP composite. However, when interlinked 
layers were exfoliated into individual sub-micro sheets, the tensile modulus and strength 
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of expanded graphite PP composites significantly increases. The degree of improvement 
increases with the number of extrusion cycle. At 5wt% expanded graphite content, 
tensile modulus increased by 23.5% and 31.4% while tensile strength rose by 6.7% and 
10% after six and ten cycles of extrusion, respectively, compared with the data obtained 
from one cycle extruded composite. With 20wt% expanded graphite content, after six 
and ten cycles, the tensile modulus increased by 33% and 45.2% while tensile strength 
increased by 9.4% and 21.82% respectively, compared to the one-cycle extruded 
composite. 
 
The improvement in tensile modulus and strength of graphite/PP sub-micro composites 
is also a function of the filler loading. When comparing the ten-cycle extruded 
composites with the pristine polypropylene, at 5wt% filler fraction, the tensile modulus 
and strength of EG/PP composites increased by 28.8% from 1.56 to 2.01 GPa and 8.3% 
from 30.9 to 33.48 MPa. At 20wt% graphite content, tensile modulus increased to 3.31 
GPa and is improved by 112.2% while tensile strength raised to 34.39 MPa and is 
improved by 11.3%. 
 
These results are a clear indication that the improvements in tensile modulus and 
strength of multi-extruded EG/PP composites are caused by the changes in expanded 
graphite structure within the composites. When expanded graphite exists as a layer-
aggregated structure and layer-interlinked structure in composites, the weak interaction 
between graphite layers can be detrimental to the mechanical properties of composites. 
After interlinked layers are exfoliated into individual graphite sheets, the layers are 
connected by polymer molecules resulting in a relatively stronger interaction than 
graphite layers alone. Due to the incompatibility of graphite with polypropylene, the 
5 Experimental results and discussion 
 
 
Yalan Li  page 141 
degree of improvement in tensile strength is not significant. Tensile modulus, however, 
improved by 112.2% at 20wt% graphite fraction, when compared to the pure 
polypropylene. 
 
Table 17 shows the degree of tensile modulus and strength improvement of the 20wt% 
350nm vinyl-silane treated silica flake/PP composite and 20wt% EG/PP composite with 
10-cycle multi-extrusion. When comparing with the silica flake/PP composites, the 
individual graphite sheet/PP composites demonstrated better improvement in both 
modulus and strength. This may be associated with the better mechanical properties that 
graphite sheets possess. 
 
Table 16: Tensile modulus and strength of sub-micro graphite/PP composites 
 PP 
5wt% EG/PP 
one-feeder fed after 
1st  extru. 
5wt% EG/PP 
two-feeder fed after 
1st extru. 
20wt% EG/PP 
two-feeder fed after 
1st extru. 
Tensile strength 
MPa 
30.9 ± 0.94 28.8± 0.67 30.43 ± 0.3 28.23 ± 0.43 
Tensile modulus 
GPa 
1.56 ± 0.35 1.66± 0.1 1.53 ± 0.07 2.28 ± 0.25 
 PP after 6th extru.  
5wt% EG/PP 
two-feeder fed after 
6th extru 
20wt% EG/PP 
two-feeder fed after 
6th extru. 
Tensile strength 
MPa 
30.62 ± 0.24 – 32.46 ± 0.68 30.87 ± 0.31 
Tensile modulus 
GPa 
1.48 ± 0.15 – 1.89 ± 0.13 3.04 ± 0..19 
 PP after 10th extru.  
5wt% EG/PP 
two-feeder fed after 
10th extru 
20wt% EG/PP 
two-feeder fed after 
10th extru. 
Tensile strength 
MPa 
30.76 ± 0.17 – 33.48 ± 0.10 34.39 ± 0.28 
Tensile modulus 
GPa 
1.43 ± 0.21 – 2.01 ± 0.13 3.31 ± 0.11 
5 Experimental results and discussion 
 
 
Yalan Li  page 142 
 
Table 17: A comparasion of the mechanical property improvement between 20wt% single 
and multi-layered sub-micro filler reinforced polypropylene 
 
20wt% 350nm vinyl-silane 
modified silica flake/PP composite 
20wt% EG/PP composite  
two-feeder fed 10-cycle multi-
extrusion. 
The improvement in tensile 
strength, σ/σm 
0.97 1.11 
The improvement in tensile 
modulus E/Em 
1.61 2.12 
 
 
5.10 The rheology and crystallisation behavoiur of sub-micro 
graphite composites 
 
5.10.1 Rheology of sub-micro graphite polypropylene composites 
The dependence of rheology behaviour of sub-micro graphite composites on the 
structure and exfoliation level of graphite in polypropylene are investigated in this 
section. The EG/PP composites containing an interlinked structure of the expanded 
graphite were obtained from one-cycle extrusion. Exfoliated graphite PP composites, in 
which the structure of graphite in PP is individual sheets, were produced via the multi-
extrusion method. The shear viscosities of these composites under different shear rates 
are shown in Figures 55 and 56. Similarly to 350nm silica flakes polypropylene 
composites, the lubrication effect was demonstrated by exfoliated graphite PP 
composites. For 5wt% EG/PP composite after the 6th extrusion cycle and 20wt% EG/PP 
composite after the 10th extrusion cycle, the shear viscosities are lower than that of 
polypropylene at any shear rates tested. The shear viscosities of the first and the 10th 
cycle extruded PP are almost exactly the same as the pure polypropylene. It can thus be  
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Figure 55: The dependence of shear viscosity of sub-micro graphite PP composites on the 
shear rate and structure of reinforcements 
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Figure 56: The dependence of shear viscosity on the shear rate of 20wt% sub-micro 
graphite PP composites 
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concluded that these low viscosities are caused by the slipperiness of exfoliated graphite 
rather than the degradation of polypropylene. Significantly, viscosities of the 10th cycle 
products are lower than that from the 6th cycle. This is a clear indication that the more 
extrusion cycles an EG/PP composite has, the higher the exfoliation level of sub-micro 
graphite can be achieved and the thinner the sub-micro graphite sheets produced are, as 
shown in Table 18.  
Table 18: the dimensions of expended and exfoliated graphite 
 Original expanded graphite 6th cycle extruded graphite 10th cycle extruded graphite
Thickness, nm 50 - 150 274-570 280 - 360 
Length, µm 5 - 18 5 - 15 5 - 15 
 
 
Throughout testing the lubrication effect, observed with sub-micro composites, did not 
occur with the EG/PP composites containing interlinked structure. The shear viscosity 
of these composites are either similar or slight higher than that of polypropylene. 
 
In general, the shear viscosities of sub-micro graphite composites decreases with the 
increases in shear rate, the reason for this being the improved molecular mobility 
associated with higher shear rates. Shear viscosities did, however, increase with filler 
content. This is because molecular moving space is reduced with filler fraction 
increases. In addition, the shear viscosity of sub-micro graphite composites significantly 
decreases with multi-extrusion cycles. This is caused by the change of graphite structure 
in the PP. When the inter-linked structure is broken, the molecular mobility in the 
system rapidly increases leading to a decrease in viscosity. When graphite is exfoliated 
into individual sheets, the slippery effect appears resulting in a lower shear viscosity 
than the pure PP. 
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5.10.2 Crystallisation of sub-micro graphite composites 
The crystallisation of sub-micro graphite polypropylene composites is studied in this 
section. The materials studied are the same as those used for the rheology investigation. 
The results obtained from differential scanning calorimeter tests are summarised in 
Table 19. When comparing polypropylene with multi-extruded polypropylene, the 
results show that multi-extrusion has little influence in the crystallisation behaviour of 
PP under 10 extrusion cycles. After 10 cycles of multi-extrusion, the melt temperature 
and onset melt temperature drop by 1.8 °C and 3.6 °C from 166.3 °C and 160.6 °C 
respectively, with respect to PP. This indicates that minor thermal degradation of 
polypropylene has occurred around the 10th extrusion cycle. For this reason, 10 cycles 
was determined as the maximum number of extrusions allowed for the preparation of 
sub-micro graphite PP composites. 
 
Table 19 also shows that the addition of 5wt% expanded graphite results in an increase 
in crystallisation temperature, onset and end of crystallisation temperature of 
polypropylene of approximate 9 °C respectively. Melting temperature, onset and end of 
melt temperature also increased by 5 °C respectively. Apart from the 10-cycle extruded 
EG/PP composite, all crystallisation and melt temperatures increased with filler contents 
and multiple extrusion cycles. This result implies that sub-micro graphite has a 
nucleation effect on polypropylene. The nucleation effect is enhanced by the increase of 
fraction and exfoliation of sub-micro graphite. For EG/PP composites extruded for 10 
cycles, onset-melt temperatures are lower than their 6-cycle extruded counterparts 
which confirmed the minor degradation of PP in the 10th extrusion cycle. 
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When compared with PP, the crystallinity of sub-micro graphite composites slightly 
decreased. Multi-extrusion does not have apparent influence on crystallinity of 
polypropylene and its sub-micro graphite composites. Based on this, the mechanical 
property improvement of individual graphite sheet/PP composites is contributed by 
filler other than crystallisation of the polymers. 
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Table 19: Summary of DSC results of sub-micro graphite polypropylene composites 
 
Crystallisation 
temperature Tc, 
°C 
Tc,onset °C Tc,end °C 
Melt 
point Tm 
°C 
Tm,onset 
°C 
Tm,end °C 
Crystallinity 
x% 
 
PP 
 
115.9 120.2 112.0 166.3 160.8 171.5 33.9 
PP 6th 
exreusion 
115.2 119.9 110.4 166.2 160.6 171.8 33.3 
PP 10th 
extrusion  
115.8 120.2 112.3 164.6 157 170.9 33.7 
5wt% EG/PP 
composite 1st 
extrusion. 
125.3 129.9 121.5 169.2 163.8 173.0 30.78 
5wt% EG/PP 
composite 6th 
extrusion. 
130.3 135.1 126.2 167.0 162.0 173.8 30.21 
5wt% EG/PP 
composite 10th 
extrusion. 
131.6 136.9 126.6 171.6 155.3 175.8 30.79 
20wt% EG/PP 
composite 1st 
extrusion. 
132.7 137.6 120.3 173.2 163.8 176.5 31.2 
20wt% EG/PP 
composite 10th 
extrusion 
134.6 139.8 129.8 170.8 155.9 175.2 30.7 
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5.11 Conductive sub-micro graphite composites 
According to the literature, a number of researchers have reported on the electrical 
conductivity of expanded graphite polymer composites [134]-[148]. The effects of 
expanded structure and interfacial properties on the conductivity of expanded graphite 
composites, however, have not been well understood. In this research, the dependences 
of electrical conductivity of EG/PP composites on graphite structure in PP and the 
interfacial compatibility of PP with EG are explored. Three sets of expanded graphite 
polypropylene composites were synthesised. Amongst them two groups were 
synthesised using a solution method while the others were prepared using the two-
feeder extrusion melt blending method as described in Section 3.5. With one group of 
solution synthesised composites, 5wt% maleic anhydride-grafted-PP (E43) was added 
as a compatiliser to improve compatibility between PP and graphite. By using different 
synthesis methods, different structures of expanded graphite in PP were achieved. 
Micrographs of these structures are shown in Figure 57. The conductivities of the 
composites were measured using the method described in Section 3.11 while results are 
shown in Figures 58 and 59. 
 
From the results obtained, it is clear that the structure of expanded graphite in PP has a 
significant effect on the conductivity of composites. With the inter-linked structure of 
expanded graphite in PP, both composites synthesised via the solution method achieved 
higher conductivity and lower percolation threshold than the composite produced using 
the two-feeder extrusion method. With the E43/EG/PP composites, conductivity 
achieved 10-4 and 1.3 ×10-3 S/cm at 5wt% and 20 wt% filler content respectively. With 
solution synthesised EG/PP composites, conductivity reached 1.42 ×10-8, 3.9 ×10-6 and 
8.91 × 10-6 S/cm at 5wt%, 10wt% and 20wt% graphite content respectively. The 
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extruded EG/PP composite at 20wt% EG fraction, in contrast, exhibited an electrical 
conductivity of 5.79 ×10-9 S/cm which is static dissipative rather than conductive. The 
E43/EG/PP composite had a lowest critical percolation value of 0.8wt%. This is 
followed by the solution synthesised EG/PP composites which possess a percolation 
threshold of 4.2wt% and the EG/PP composites produced by two-feeder extrusion had 
percolation threshold of 14wt%. This is because the higher the dispersion density of 
expanded graphite, the lower a percolation value can be achieved. According to Figure 
55, the graphites in E43/EG/PP and solution synthesised E43/PP composites have much 
higher dispersion density than the ones in extruded E43/PP composites. Furthermore, 
when comparing Figure 55 a and b, layer agglomeration along the edge of expanded 
graphite worms is observed with the solution synthesised EG/PP composite. Such 
agglomeration, however, does not occur in the E43/EG/PP composite. A possible reason 
for this is that the addition of E43 improved the compatibility of graphite with 
polypropylene. Consequently, the interfacial contact between PP and expanded graphite 
layers is enhanced and the agglomeration of expanded graphite in the polymer is 
decreased. This leads to a better conductive network within composites and hence the 
highest conductivity was achieved amongst E43/EG/PP composites. According to the 
results, volume conductivity of E43 is 6.24 ×10-14 S/cm which is slight higher than that 
of the PP, 10-16 S/cm. The improvement in conductivity of the E43/EG/PP composites, 
when compared with solution synthesised EG/PP composites, is therefore a result of the 
improved conductive network rather than the conductivity of E43. 
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Figure 57: The structure of expanded graphite in PP composites synthesised via the 
solution method with and without compatiliser as well as the two-feeder extrusion 
 
 
 
 
50 µm 
c  Expanded graphite dispersion structure  in 
two-feeder fed extruded 5wt% EG 
polypropylene composite 
50 µm 20 µm 
a  Structure of expanded graphite in 5wt% 
E43 + 5wt% EG/PP composite synthesised 
via solution method 
b  Structure of expanded graphite in 5wt% 
EG/PP composite synthesised via the 
solution method 
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Figure 58: The conductivity dependence of sub-micro graphite enhanced PP on structures 
and content of the fillers 
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Figure 59: The critical percolation threshold of different structural sub-micro graphite/PP 
composites 
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6 Conclusions 
In this study, sub-micro polymer composites have been developed based on silica flakes 
with thickness 350nm and graphite sheets with thickness 280-360nm. The potential and 
problems encountered in sub-micro composite reinforcement have been investigated. 
 
Single-layer structured silica flakes and multi-layered graphite flakes were selected as 
sub-micro reinforcing fillers since they are in sub-micro region, strong in layered 
directions and have high aspect ratios, which are preferred properties for mechanical 
reinforcement. The potential of sub-micro fillers was explored based on the model filler 
composites, i.e., single-layered silica flakes reinforced nylon-6 sub-micro composites. 
The predicted Young’s modulus and strengths of the composites are as high as 3.3 GPa 
and 81 MPa at 5wt% flake content as well as 11.75 GPa and 301MPa at 30wt% filler 
fraction, respectively. Experimental results show similar improvements to the 
predictions in filler loading below 5wt% but far lower than the calculated values in 
higher filler content. It is found that this low efficiency of reinforcement at high filler 
contents was caused by the breakage of silica flakes during extrusion resulting in 
significant reduction of the aspect ratio of silica flakes. The mean aspect ratio before 
extrusion is 475. The mean flake aspect ratio in 30wt% SF/N6 composite, however, is 
only 12. 
 
Even for composites with broken flakes, the tensile modulus and strength of 5wt% silica 
flake reinforced N6 is improved 68% and 67% respectively, when compared with the 
N6. These improvements are 38% higher in tensile strength but 35% lower in tensile 
modulus than that achieved by the 5wt% clay/N6 nanocomposite. The tensile modulus 
of 30wt% silica flake reinforced N6 improved over 240% which is similar to the 
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achievement of 30wt% glass fibre/N6 composites. In addition to strength and modulus, 
sub-micro composite technology has been proved to be effective in improving fracture 
toughness and heat deflection temperature. 
 
For multi-layered sub-micro graphite reinforced polypropylene, mechanical properties 
are dependent on the structure of graphite in the polymer. Only individual sheet-
structured graphite reinforced composites showed significantly improved tensile 
modulus. Tensile strength of the composites, however, did not improve significantly, 
which may be partially caused by poor compatibility between the filler and matrix. 
 
In addition to mechanical reinforcement, graphite/PP sub-micro composites exhibit 
much improved electrical conductivity. The enhancement of conductivity is dependent 
on the structure of sub-micro graphite in the polymer. The composites enhanced by the 
graphite containing interlinked structure are more conductive due to the easy formation 
of percolated conductive network. 
 
Effects of sub-micro fillers on crystallisation behaviour of polymer composites are also 
studied. Sub-micro fillers do have significant influence on nucleation of the polymers. 
The nucleation effect increased with filler fraction and improvements of compatibility 
between filler and matrix. Crystallinity of all sub-micro composites studied was either 
the same or slight lower than the pure polymers. This may imply that the improvement 
in mechanical properties of sub-micro composites is primarily due to the contribution of 
sub-micro fillers. 
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The rheology study has shown that sub-micro composites can be processed in a similar 
way to the pristine polymers in a wide filler loading range. Although the viscosity of the 
sub-micro composites with high filler loading is higher than those of the non-filled 
polymers, they still exhibit good processability. In low filler loading, “lubrication 
effect” was observed for some composites with poor interfacial bonding between the 
filler and polymer. The ‘lubrication effect’ results in lower viscosity of a composite than 
that of the pure polymer. 
 
In summary, the work conducted in this research has proved that the sub-micro 
composite approach is a competitive technology of improving polymer mechanical 
properties to nanocomposite technique at low filler loading and has potential to 
challenge fibre reinforced composites in higher filler loading. Further advance in this 
technology will lead to fill the gap between nano and micro reinforced materials. 
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7 Future work 
For single-layer sub-micro fillers, breakage of silica flakes during extrusion processing 
is the main reason for the low reinforcement efficiency of silica flake/N6 composites at 
high filler loading. In order to avoid the breakage of silica flakes, new processing 
techniques need to be explored. In-situ polymerisation and rotational moulding are two 
such examples. 
 
Layer agglomeration in composites is a key issue for multi-layered sub-micro graphite. 
Although graphite has been dispersed into the polymer in the sub-micro range via a 
multi-extrusion method, the thickness of graphite layers is still large when compared 
with the original layer thickness of expanded graphite. Therefore, to achieve finer 
dispersion of graphite in composites, new filler preparation and exfoliation techniques 
need to be investigated. 
 
The compatibility between filler and matrix is a determining factor in the strength 
improvement of both single and multi-layered polypropylene composites. Although 
several compatibilisers were used to improve the compatibility of fillers with matrices, 
the results proved to be unsuccessful. For further mechanical property improvement of 
sub-micro composites, the synthesis and application of more efficient compatibilisers 
remains an important area for future research. In addition, filler functionallisation by 
means of plasma oxidation should also be considered [195]-[197]. 
 
In this research, only single-layered silica flakes and multi-layered graphite were 
investigated with N6 and polypropylene matrices. Applying sub-micro enhancement to 
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other polymers and fillers with different geometries, for example sub-micro fibres, 
particles and other layer-structured fillers have great interest for future work. 
 
Finally, due to the smaller surface area of sub-micro fillers, sub-micro reinforcement 
did not exhibit any advantage over nanocomposites in improving dynamic thermal 
mechanical properties of polymers. This is an inherent limitation of sub-micro 
reinforcement. The combination of sub-micro and nano reinforcement is an efficient 
way to address this problem. Such a combination represents an interesting field of 
research and should be explored as part of future work. 
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Bagley correction: a method used to correct the shear stress of a fluid in capillary 
extrusion rheology measurements, in which capillaries with different lengths, but equivalent 
diameter, are used. The actual shear stress (τ) is calculated according to the equation: ( )
( )21
21
2 LL
RPP
−
∆−∆=τ , where ∆P1 and ∆P2 represent pressure drops along dies of length L1 and 
L2. 
 
Congswell convergent flow model: a flow model in which the entry pressure drop over 
an aera of converging flow, from a circular barrel into a capillary die, is made up of two 
components, one related to shear flow and the other related to extensional flow, i.e. 
ES PPP ∆+∆=∆ , ∆P, ∆PS , ∆PE represent entry pressure drop and pressure drops contributed 
by shear flow and extensional flow respectively. 
 
Complex modulus: E*, the ratio of oscillatory stress to strain, is comprised of elastic 
modulus and viscous modulus and expressed in complex number form:  
δγ
σδγ
σ sin*cos** iEiEE +=′′+′=   
where σ*, γ, E′ and E″ denote oscillatory stress, strain, storage modulus and loss modulus, 
respectively. δ is the phase angle. For a perfact elastic material, δ = 0 and for an ideal 
viscous fliud δ = π/2. 
 
Critical stress intensity: the stress intensity at fracture ignition used to evaluate impact 
toughness of materials. 
 
Crystallization enthalpy of polymer: the heat released to crystallize a unit polymer with 
100 % crystalline. 
 
Dynamic thermal mechanical analysis: also known as dynamic mechanical analysis. In 
general, a method used to measure the viscoelastic properties of polymers, for example the 
dynamic changes of complex modulus, storage modulus and loss modulus over time or 
under temperature.  
 
Elastic modulus: the slope of the linear-elastic part of the stress & strain curve.  
 
Flexural modulus: Young’s modulus under flexural load. 
 
Longitudinal modulus: elastic modulus in the fibre/filler aligned direction. 
 
Loss modulus: unrecoverable portion of complex modulus, i.e. viscous modulus, 
δsin*EE =′′  
 
Melting enthalpy of polymer: the heat consumed to melt a unit of polymer. 
 
Notched Izod strength: strength measured using the standard Notched Izod impact 
methos where specimens are notched using a saw or razor blade before the test. 
 
Appendix A: Definition of terminology 
 
 
Yalan Li  page 173 
Poisson ratio: the negative of the ratio of the lateral strain to the axial strain in axial 
loading. 
 
Residence time: duration of time that materials stay in an extruder. In this research, 
residence time was measured by adding five grams of coloured additive during 
polypropylene extrusion. The period time from addition to removal of the additive from the 
extruder was taken as the residence time. 
 
Shear modulus: elastic modulus under shear loading. 
 
Specific modulus/strength: the ratio of modulus/strength to density, commonly used for 
evaluation of mechanical properties of fibre composites. 
 
Storage modulus: the recoverable portion of complex modulus, i.e. elastic modulus 
obtained from dynamic thermal mechanical analysis and expressed as: 
δcos*EE =′  
 
Strain: includes normal strain, shear strain and true strain.  
• Normal strain: the change in length per unit length of a line segment in the 
direction under consideration, i.e. 
L
LL f −  
Where ε ∆ fL , L  represent final length and original length, respectively. 
 
• Shear strain: the tangent of angle change under the material deformation when a shear 
force applied. 
 
• True strain ( tε ): the change in length divided by the instantaneous value of the length 
( l ), i.e. 
L
Ld fL
Lt
f ln== ∫ llε  
For a small strain, for which the linear elasticity is valid, the value of true strain is the 
same as normal strain. 
 
Strain magnification: A phenomenon that fibre composites possess, in which a magnified 
matrix deformation happens in the local area around the fibre when a transverse stress is 
applied. Strain magnification is caused by the difference of stiffness between fibre and 
matrix. 
Stress: the force load per unit area, i.e. 
A
F
 where F and A represent the force and area of 
force bearing respectively. Stress can be applied in tensile stress or shear stress. 
 
Tensile modulus: Young’s modulus under tension. 
 
Young’s modulus: elastic modulus under tension or compression. 
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Parameters 
 
d diameter 
E elastic modulus, Young’s modulus or tensile modulus 
f flake volume fraction 
P general expression of mechanical properties 
s aspect ratio 
T temperature 
t thickness 
η ratio of 1−
m
f
P
P
 to ξ+
m
f
P
P
, flake orientation efficiency factor or aspect ratio 
efficiency factor, depended on the subscript 
ζ geometric factor 
ν Poisson’s ratio 
ε normal strain 
σ tensile stress or strength 
τ shear stress 
 
 
 
Subscripts 
 
1 longitudinal direction 
2 transverse 
c crystallization temperature of polymers 
f fibre 
l flake length 
m matrix 
m melting temperature 
o orientation 
s aspect ratio 
u ultimate tensile 
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DMA  dynamic mechanical analysis or dynamic thermal mechanical analysis 
 
DSC  differential scanning calorimetry 
 
EG  expanded graphite 
 
EVA  ethylene vinyl acetate copolymer 
 
HDT  heat deflection temperature or heat distortion temperature 
 
HRR  heat release rate 
 
MLR  mass loss rate 
 
MWNTs multi-walled carbon nanotubes 
 
N6  nylon 6 or polyamide 6 
 
PET  poly (ethylene terephthalate) 
 
PHRR  peak heat release rate 
 
PP  polypropylene 
 
SEM  scanning electron microscopy 
 
SF  silica flakes 
 
SWNTs single-walled carbon nanotubes 
 
TEM  transmission electron microscopy 
 
XRD  X-ray diffraction 
